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ABBREVIATIONS AND ACRONYMS

ASM American Society of Metals

ASTM American Society for Testing and Materials
BSW basic saturated water

CSNF commercial spent nuclear fuel

DHLW DOE-owned high-level radioactive waste
DTN data tracking number

FEP feature, event, or process

GC general corrosion

HLW high-level waste

LA License Application

LC localized corrosion

LLNL Lawrence Livermore National Laboratory
LTCTF Long Term Corrosion Test Facility

Q quality data or data qualified for use

QA quality assurance

RH relative humidity

SAW simulated acidic concentrated water

SCE saturated calomel electrode

SCW simulated concentrated water

SDW simulated dilute water

SNF spent nuclear fuel

SSW simulated saturated water

TER technical error report

TSPA total system performance assessment
UNS unified numbering system

Uz unsaturated zone

WAPDEG waste package degradation code

WL weight loss

YMP Yucca Mountain Project
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NOMENCLATURE

dimension of weight-loss sample

constant in integrated form of logarithmic law for dry oxidation model
change in a

area of specimen

dimension of weight-loss sample
change in b

coefficient in regression equation
coefficient in regression equation
coefficient in regression equation

dimension of weight-loss sample
change in ¢

molar concentration

the change in molar concentration

constant determined from fitting Equation 38

constant determined from fitting Equation 38

constant determined from fitting Equation 38

constant determined from fitting Equation 38
diffusivity of reacting species through protective oxide
density

Arrhenius activation energy

corrosion potential

critical potential — threshold for localized attack

pitting potential

crevice corrosion potential

passive film breakdown potential

the potential in the forward scan of a cyclic polarization curve where the
current density first reaches 200 pA/cm?

potential at which the forward scan current density reaches 20 pA/cm?
potential at which the forward scan current density reaches 10 pA/cm?
repassivation potential

protection potential

repassivation potential for pitting

repassivation potential for crevice corrosion

potential at which the reverse scan current density reaches 20 pA/cm®
potential at which the reverse scan current density reaches 10 pA/cm®
potential at which the reverse scan current density reaches 10 pA/cm®

probability density function
Faraday’s constant
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RH critical
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t

T

T claa'max
T, D Wmax ﬁostclosure

corrosion current density
passive current density

flux of reacting species through protective oxide

rate constant in parabolic dry oxidation model

rate constant pre-exponent in parabolic dry oxidation model
rate constant in logarithmic dry oxidation model

constant in Arrhenius equation for logarithmic model for dry oxidation
rate constant in logarithmic dry oxidation model at 100°C
rate constant in logarithmic dry oxidation model at 200°C
rate constant in logarithmic dry oxidation model at 300°C
rate constant in logarithmic dry oxidation model at 400°C
rate constant in logarithmic dry oxidation model at 500°C
rate constant in logarithmic dry oxidation model at 600°C
constant in calculation of corrosion rate from weight loss
temperature in Kelvin

wall penetration due to corrosive attack

universal gas constant

coefficient of determination

relative humidity

threshold RH for humid-air corrosion and aqueous-phase corrosion

exposure time during weight-loss measurement
exposure time in dry oxidation model
temperature (degrees Celsius or Kelvin)
maximum cladding temperature

maximum drift wall temperature after closure

w(or W) measured weight loss

Aw change in w

Woxide formula weight of oxide formed during dry oxidation
X independent variable in regression equation

X oxide film thickness in parabolic dry oxidation model
X0 initial oxide thickness in parabolic dry oxidation model
Xi measured parameter in sensitivity (error) analysis

X oxide thickness in logarithmic dry oxidation model
Xa00°C oxide thickness at 400°C

Xs500°C oxide thickness at 500°C

Xs00°C oxide thickness at 600°C

y dependent variable in regression equation

y computed value in sensitivity (error) analysis
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zZ; valence (charge) of the i™ ion

o} standard deviation

y7, mean

P density of Ti Grade 7

Ap change in p

£ the error term in localized corrosion model
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General and Localized Corrosion of the Drip Shield

1. PURPOSE

The repository design includes a drip shield (BSC 2004 [DIRS 168489]) that provides protection
for the waste package both as a barrier to seepage water contact and a physical barrier to
potential rockfall.

The purpose of the process-level models developed in this report is to model dry oxidation,
general corrosion, and localized corrosion of the drip shield plate material, which is made of
Ti Grade 7. This document is prepared according to Technical Work Plan For: Regulatory
Integration Modeling and Analysis of the Waste Form and Waste Package (BSC 2004
[DIRS 171583]).

The models developed in this report are used by the waste package degradation analyses for
TSPA-LA and serve as a basis to determine the performance of the drip shield. The drip shield
may suffer from other forms of failure such as the hydrogen induced cracking (HIC) or stress
corrosion cracking (SCC), or both. Stress corrosion cracking of the drip shield material is
discussed in Stress Corrosion Cracking of the Drip Shield, the Waste Package Outer Barrier,
and the Stainless Steel Structural Material (BSC 2004 [DIRS 169985]). Hydrogen induced
cracking of the drip shield material is discussed in Hydrogen Induced Cracking of Drip Shield
(BSC 2004 [DIRS 169847]).

1.1 BACKGROUND ON TITANIUM GRADE 7

Alloy 22 is used as the corrosion-resistant waste package outer barrier. Stainless Steel Type 316
is used for construction of the structural support underneath the waste package outer barrier. The
Stainless Steel Type 316 inner cylinder increases the overall strength of the waste package. Drip
shields will be installed over the waste packages prior to repository closure. The drip shields
divert any moisture that seeps from the drift walls around the waste packages to the drift floor.
The drip shields also reduce any damage to waste packages in the event of rockfalls as
emplacement drifts degrade over time. The drip shields will be made of titanium to provides
corrosion resistance and structural strength. Titanium alloys are considered for construction of
the drip shield because of their excellent corrosion resistance under nuclear waste repository
environment conditions. The drip shield design uses Ti Grade 7 (UNS R52400) for the drip
shield plates. The chemical compositions of Ti Grades 7 and 16 (UNS R52402) are shown in
Table 1. The materials for the repository drip shield design were selected after the testing
program for the Long-Term Corrosion Test Facilities (LTCTF) was initiated.

When the LTCTF became operational in 1996, Ti Grade 16 was a potential candidate material
for the corrosion-resistant barrier. In 1998-99, the Project progressed to the license application
(LA) design, in which the titanium drip shield is considered an engineered barrier. The drip
shield has water diversion plates made from Ti Grade 7, a very corrosion-resistant alloy because
of its high palladium (Pd) content (Schutz 2003 [DIRS 168772]; Hua et al. 2004
[DIRS 167022]). Ti Grade 7 was added to the testing program and specimens were added to the
LTCTF in 2000. Their exposure anniversaries, therefore, differ from Ti Grade 16. These two
materials have almost identical chemical compositions, except that Ti Grade 7 contains 0.12 to
0.25 wt % Pd while Ti Grade 16 contains 0.04 to 0.08 wt % palladium (Table 1) and a slightly
lower carbon content. Ti Grade 16 was used as an analog of Ti Grade 7 at the LTCTF for the
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I-year and 5-year weight-loss tests due to its compositional similarity to Ti Grade 7. In this
report, the Ti Grade 16 1-year corrosion rate data are used for model development, while the
Ti Grade 16 5-year data are used for model validation. The LTCTF has also obtained two and
half-year corrosion rate data for Ti Grade 7 under the same test conditions. The 2.5-year
Ti Grade 7 corrosion rate data are also used for model validation. The corrosion performance of
Ti Grade 7, because of its higher palladium content, is superior to that of Ti Grade 16. This is
further discussed in Section 5.1 and validated in Section 7.4.

Table 1. Chemical Composition (wt %) of Ti Grade 7 (UNS R52400) and Ti Grade 16 (UNS R52402)

Residual | Residual s
N (o3 H o Fe Pd (each) (total) Titanium

; 0.03 0.10 0.015 0.25 0.30 0.12 —to .
Ti Grade 7 (max) (max) (max) (max) (max) 0.25 0.1 (max) | 0.4 (max) | Remainder

) 0.03 0.08 0.015 0.25 0.30 0.04 —to .
Ti Grade 16 (max) (max) (max) (max) (max) 0.08 0.1 (max) | 0.4 (max) | Remainder

Source: DTN: MO0003RIB00073.000 [DIRS 152926].

The properties and performance of titanium and its alloys are reviewed in detail elsewhere
(CRWMS M&O 1999 [DIRS 102933]; CRWMS M&O 2000 [DIRS 154666]). The excellent
corrosion resistance of titanium alloys results from the formation of a stable continuous, highly
adherent, and protective oxide passive film (primarily TiO,) on the metal surface. The passive
films on titanium and its alloys are stable over a wide range of potentials and pH values
(Pourbaix 1974 [DIRS 100817], pp. 213 to 222). Also, due to its extremely high affinity for
oxygen, a damaged oxide can generally reheal itself instantaneously, even when just traces of
oxygen (e.g., at the order of ppm) or water (moisture) are present (Schutz and Thomas 1987
[DIRS 112147]). Oxygen or water vapor, or both, will be present in the repository environment.

1.2 RANGES OF MODEL APPLICATION

Although the corrosion models in this report were developed using information from a wide
range of titanium alloys, the models are primarily intended to apply to the corrosion of titanium-
palladium alloys, in particular, the Ti Grade 7 used for the drip shield.

Due to the limited availability of long-term low-temperature oxidation data, the dry oxidation of
titanium alloys is modeled based on scientifically well-established rate laws and limited short-
term high temperature laboratory data. The diffusion coefficient for oxygen in o titanium is very
low (Section 6.4). In addition, significant oxidation of titanium alloys will not occur below
about 300°C (Schutz and Thomas 1987 [DIRS 112147]). The oxidation of titanium and its
alloys obeys a parabolic law at temperatures below about 600°C and a logarithmic law at
temperatures below about 200°C (Schutz and Thomas 1987 [DIRS 112147]). Therefore, the dry
oxidation model, although derived using short-term (~2 hr) oxidation data taken at temperatures
up to 700°C, can be regarded as applicable to the exposure times (~10,000 years) and
temperatures (below 300°C, see Section 6.1) relevant to the drip shield service exposure
conditions.

The drip shield will be exposed to a wide range of configurations and environmental conditions
during its service life. Initially, the underlying waste packages will be relatively hot due to the
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heat generated from radioactive decay. As a result, the drip shield surface will remain dry
initially, and under these conditions dry oxidation would be the primary corrosion scenario. The
temperature will eventually drop to levels where both humid-air corrosion (Section 6.3.2) and
aqueous-phase corrosion (Section 6.3.3) are possible. Crevices will form between the drip shield
and its invert support structure. Crevices may also form between the drip shield and mineral
precipitates, corrosion products, dust, rocks, and biofilms on the outer surfaces. The relevance of
the corrosion testing conditions to the in-drift environments is discussed in Section 6.2. A
complete discussion of the repository environmental conditions can be found in Engineered
Barrier System: Physical and Chemical Environment Model (BSC 2004 [DIRS 1698601]).

The crevice environment is more severe than the near-field environment. The hydrolysis of
dissolved metal leads to the accumulation of H' ions and a corresponding decrease in pH. Field-
driven electromigration of various anions into the crevice will occur to balance cationic charge
associated with H' ions (Gartland 1997 [DIRS 105020]; Walton et al. 1996 [DIRS 105114];
Shoesmith et al. 1995 [DIRS 117892]; BSC 2004 [DIRS 169847]). These severe conditions set
the stage for subsequent attack of this corrosion-resistant material by general corrosion, localized
corrosion (including crevice corrosion and pitting), hydrogen-induced cracking, stress corrosion
cracking, or other modes of degradation. This report investigates the potential for dry oxidation,
general corrosion, and localized corrosion of the drip shield barrier. Stress corrosion cracking of
the drip shield material is discussed in Stress Corrosion Cracking of the Drip Shield, the Waste
Package Outer Barrier, and the Stainless Steel Structural Material (BSC 2004 [DIRS 169985]).
Hydrogen induced cracking of the drip shield material is discussed in Hydrogen Induced
Cracking of Drip Shield (BSC 2004 [DIRS 169847]).

1.3 BARRIER CAPABILITIES

10 CFR 63 [DIRS 156605] defines a barrier as “any material, structure, or feature that, for a
period to be determined by NRC, prevents or substantially reduces the rate of movement of water
or radionuclides from the Yucca Mountain repository to the accessible environment, or prevents
the release or substantially reduces the release rate of radionuclides from the waste.”
10 CFR 63.102 (h) and 10 CFR 63.113 (a) [DIRS 156605] requires the repository system to
include multiple natural and engineered barriers.

The capability of a barrier is defined by its ability to achieve one or more of the functions
described above (i.e., the extent to which it can prevent or delay the movement of water or
radionuclides, or prevent or reduce the release rate from the waste). In this report, the drip shield
is considered as the barrier to prevent or reduce water flow that could contact the waste package,
and in the event of a waste package breach prevents or reduces water flow from contacting the
waste form. The drip shields divert any moisture that might seep from the drift walls, including
condensed water vapor, around the waste packages to the drift floor for thousands of years.
Because of the low corrosion rates of titanium (Section 6.5.4.2), the initial breaches of the drip
shields due to corrosion degradation processes will not occur until approximately 35,000 years
(obtained by dividing the 15 mm drip shield thickness by the sum of the maximum values in
Table 16 and Table 17). Therefore, even in the event of a breach of a waste package before its
corresponding drip shield, advective transport of radionuclides cannot occur until after
approximately 35,000 years. The ability of the drip shield to prevent or reduce water flow is the
property that makes the drip shield a part of the engineered barrier system.
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1.4 OVERVIEW OF MODEL

The conceptual model for degradation of the Ti Grade 7 drip shield includes several degradation
modes (e.g., dry oxidation, general corrosion, and localized corrosion) and is illustrated in
Figure 1. A threshold RH, RH._iica, 1s first used to determine whether or not dry oxidation will
occur. If dry oxidation is determined to occur (RH < RH_isica1), @ parabolic growth law is used to
calculate the corrosion rate as a function of temperature. This model is discussed in greater
detail in Sections 6.3.1 and Section 6.4. If the exposure RH is greater than or equal to the
RH_.;iticq, humid-air corrosion will occur in the absence of dripping water (Section 6.3.2), and
aqueous-phase corrosion will occur in the presence of dripping water (Section 6.3.3). Humid-air
corrosion and aqueous-phase corrosion are treated as general corrosion only if E.or < Ecritical
(Section 6.5) or general corrosion and localized corrosion if E.y > Episicar (Section 6.6).

The corrosion of the inner surface of the drip shield is more likely to be dry oxidation and
humid-air corrosion, while the outer surface of the drip shield is more likely to undergo dry
oxidation, humid-air corrosion, and aqueous-phase corrosion. Therefore, from the point of view
of modeling drip shield corrosion, it is reasonable to model the corrosion of the inner and outer
surfaces of the drip shield separately (Section 6.3). The model developed in this report does not
a priori exclude the possibility of localized corrosion under the “no-drip” condition, as localized
corrosion can occur in the presence or absence of dripping water. Localized corrosion can occur
if the right “dust deliquescence” chemistry is reached at RH values equal to or greater than the
RH_i1icq1. The localized corrosion model does not require differentiation between the “drip” and
“no-drip” situations because in either case the same criterion for localized corrosion initiation
will be used to predict whether or not localized corrosion will initiate (Section 6.6).

T, pH, Water Chemistry, RH, Drip/No-Drip Inputs

!

es
RH = RHcritical y +
no
no yes

General Corrosion of Drip Shield General Corrosion +
Inner Surface (Humid Air Corrosion) Localized Corrosion

A4 General Corrosion of Drip Shield 3

Dry Outer Surface (Humid Air Corrosion |3

Oxidation and/or Aqueous Phase Corrosion) g

Figure 1. Schematic Representation of Corrosion Model for Ti Grade 7 Drip Shield
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The corrosion of the inner surface of the drip shield is modeled based on a cumulative
distribution function developed from the measured weight loss of specimens with the “weight-
loss” geometry (i.e., without a creviced area) exposed for one year in the LTCTF and validated
by using the LTCTF 2.5- and 5-year exposure test data and literature information. The corrosion
of the outer surface of the drip shield is modeled based on a cumulative distribution function
developed from the measured weight loss of specimens with both the “weight-loss” and
“crevice” geometry exposed for one year in the LTCTF and validated by using the LTCTF 2.5-
and 5-year exposure test data and literature information. General corrosion is discussed further
in Section 6.5.

The corrosion potential (E.,-) and critical potential (E,,iic.;) are used to determine whether the
mode of attack is general corrosion only or both general and localized corrosion. If E.., =
E iical, both general corrosion and localized corrosion occur. The localized corrosion initiation
model developed in this report predicts whether localized corrosion will initiate. This is
discussed in more detail in Section 6.6. As will be seen in Section 6.6, localized corrosion is not
likely to occur under exposure conditions expected in the repository.

Other factors that may influence the corrosion of the drip shield material in repository
environments are also considered. The effects of calcium chloride on localized corrosion and
general corrosion of titanium alloys are discussed in Sections 6.6.5 and 6.5.8, respectively. The
effects of fluoride on corrosion of Ti Grade 7 are discussed in Section 6.5.7. The effects of
radiolysis (Section 6.7.1), microbially influenced corrosion (Section 6.7.2) and aging and phase
instability (Section 6.7.3) are also addressed in this report. Section 6.9 contains a discussion of
model implementation.
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2. QUALITY ASSURANCE

The Quality Assurance (QA) program applies to the development of this technical product. The
technical work plan associated with this activity (BSC 2004 [DIRS 171583]), was prepared per
AP-2.27Q, Planning for Science Activities. The drip shields have been determined to be
important to waste isolation in accordance with AP-2.22Q and, therefore, are classified as Safety
Category (SC) on Q-List (BSC 2004 [DIRS 168361]) and by Safety Classification of SSCs and
Barriers (BSC 2004 [DIRS 170992]). The methods used to control the electronic management
of data as required by AP-SV.1Q, Control of the Electronic Management of Information, were
accomplished in accordance with the technical work plan.

This document is prepared in accordance with AP-SIII.10Q, Models, and reviewed in accordance
with AP-2.14Q, Document Review.

2.1 INTEGRITY OF TRANSFER OF DATA

The methods used to control the electronic management of data as required by AP-SV.1Q,
Control of the Electronic Management of Information, were accomplished in accordance with
Technical Work Plan For: Regulatory Integration Modeling and Analysis of the Waste Form
and Waste Package (BSC 2004 [DIRS 171583]). The inputs to this report are documented
according to the AP-3.15Q, Managing Technical Product Inputs procedure. The methods used
to control the electronic management of data as required by AP-SV.1Q, Control of the Electronic
Management of Information, were accomplished in accordance with the technical work plan.
The process for control of the electronic management of information on evaluation of work
activities/processes/process functions, outlined in Section 5.0 of AP-SV.1Q, is followed to
ensure accuracy, completeness, and security of information and data used in preparation of this
report. Examples of process controls mentioned in AP-SV.1Q are (a) access to the information
contained on personal computer is password protected; (b) secured backup copies are
appropriately labeled and stored before changes are made and kept until the changes are
confirmed and correct; (c) physical electronic media (tape, diskette, CD-ROM, etc.) are
appropriately labeled; and (d) for nonphysical electronic media, transport mechanisms can be
e-mail, TCP/IP, Netbios, etc. and methods of receipt verification may include visual inspection,
transmission verification settings, check sums, application information integrity check, etc.
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3. COMPUTER SOFTWARE AND MODEL USAGE

Excel 97 SR-2 is a commercial off-the-shelf software program used in this report. The
computations performed in this report using Excel use only standard functions and are
documented in sufficient detail to allow an independent technical reviewer to reproduce or verify
the results by visual inspection or hand calculation without recourse to the originator. Therefore,
this software is exempt from LP-SI.11Q-BSC, Software Management. Excel 97 SR-2 is
appropriate for its intended use because it offers the mathematical and graphical functionality
necessary to perform and document the numerical manipulations used in this analysis. Excel 97
SR-2 was executed on an Optiplex GX260 Workstation (CRWMS M&O tag 501481, located in
the Summerlin Offices, Las Vegas, Nevada) with the Windows 2000 operating system.

Mathcad 2001i is a commercial off-the-shelf software program used in this report. The
computations performed in this report using Mathcad 20011 use only standard functions and are
documented in sufficient detail to allow an independent technical reviewer to reproduce or verify
the results by visual inspection or hand calculation without recourse to the originator. Therefore
this software is exempt from LP-SI.11Q-BSC, Software Management. Mathcad 20011 is
appropriate for its intended use because it offers the mathematical and graphical functionality
necessary to perform and document the numerical manipulations used in this analysis
Mathcad 20011 was executed on an Optiplex GX260 Workstation (CRWMS M&O tag 152849,
located in the Summerlin Offices, Las Vegas, Nevada) with the Windows 2000 operating system.
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4.1 DIRECT INPUTS

4.1.1 Definition of Parameters

INPUTS

The parameters used in this report are defined in the nomenclature section of this document.

Table 2. Input Data

Data Description

Data Origin

DTN

Data Use in this Model
Report

Universal gas Lide 1991 [DIRS 131202] N/A Sections 6.4.1 and 6.4.2
constant
Titanium alloy dry Schutz and Thomas 1987 | N/A Development of dry oxidation

oxidation oxide layer
thickness

[DIRS 112147]

model in Section 6.4, Figure 7,
Figure 8, Figure 9, Table 8,
Table 9, and Table 10

Cyclic polarization LLNL LLO10105512251.011 Analysis of localized corrosion
curves for Ti Grade 7 [DIRS 155623] of the drip shield in Section
6.6, Figure 14 through
Figure 18, Table 19, and
Table 20, Appendix A
Electrochemical test | LLNL LL030409412251.050 Analysis of effects of calcium
results of titanium [DIRS 163647] chloride on drip shield
alloy (Grade 7) corrosion in Section 6.5.8 and
exposed to high Section 6.6.5
chloride and high
temperature
conditions.
Target compositions | || NL LL040803112251.117 Analysis of localized corrosion

of aqueous solutions
used for corrosion
testing

[DIRS 171362]

of the drip shield in Section
6.6, Figure 19 and Figure 20,
Appendix A.

1-year general

Estill 1998 [DIRS 117697],

LL990610605924.079

General corrosion rate test

corrosion rates for Section 2.2 [DIRS 104994] data for developing the
Ti Grade 16 aqueous-phase corrosion
model analysis of Section 6.5
Value of K ASTM G 1-90 N/A Equation 22
[DIRS 103515]
Atomic weight of Sargent-Welch Scientific N/A Appendix A

chlorine

Company 1979
[DIRS 110056]

4.1.2 Identification of Input Data

The data used for dry oxidation modeling were obtained from ASM Metals Handbook (Schutz
and Thomas 1987 [DIRS 112147], Figure 25) and accepted as established fact per AP-SIII.2Q,
Qualification of Unqualified Data.

The data available for aqueous general corrosion modeling were obtained by the YMP program
at the Long Term Corrosion Test Facility (LTCTF) for Ti Grade 16 (the 1-year data). These data
consist of long-term corrosion weight change measurements per ASTM G 1-90 ([DIRS 103515])
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of samples of Ti Grade 16 (as a surrogate for Ti Grade 7 with lower palladium content) in humid
or aqueous environments at 60°C and 90°C for one year. The 1-year data are used for model
development (Section 6.5). The experimental data supporting the localized corrosion model
consisted of cyclic polarization, corrosion potential versus temperature, and electrochemical
measurements on Ti Grade 7 conducted at the LLNL per ASTM G 5-94 ([DIRS 117479])
methodology.

Input source data directly used in developing the titanium alloy oxidation and corrosion models
of this report were obtained from the sources shown in Table 2.

The treatment of uncertainties in input data and parameters is discussed in Section 6.
4.1.3 Description of Direct Input Parameters

Titanium alloy aqueous corrosion rate information and data from the scientific and technical
literature, the project-sponsored LTCTF weight-loss experiments, and cyclic polarization
measurements were used as a basis for this process-level model. The literature data used in the
development of the dry oxidation model is accepted as established fact (Schutz and Thomas 1987
[DIRS 112147]). The Project’s experimental data used in the development of the general
corrosion and localized corrosion models are compliant with the requirements from Quality
Assurance Requirements and Description (DOE 2004 [DIRS 171539]) and are, therefore,
qualified (Estill 1998 [DIRS 117697]; DTN: LL990610605924.079 [DIRS 104994]). The test
media in the LTCTF are discussed in Section 6.2, along with the relevance of in-drift chemical
model results to the corrosion testing media. Determination of the listed parameters is discussed
in more detail in Section 6.

4.2 CRITERIA

The drip shield is designed to protect the waste package, thereby, prolonging waste package life.
Therefore, the drip shield must help meet criteria specific to the waste package. Table 3-1 of
Technical Work Plan For: Regulatory Integration Modeling and Analysis of the Waste Form
and Waste Package (BSC 2004 [DIRS 171583]) identifies the following Acceptance Criteria
based on the requirements mentioned in Project Requirements Document (Canori and
Leitner 2003 [DIRS 166275]) and Yucca Mountain Review Plan, Final Report (NRC 2003
[DIRS 163274]):

(1) System Description and Demonstration of Multiple Barriers (NRC 2003
[DIRS 163274], Section 2.2.1.1.3; Canori and Leitner 2003 [DIRS 166275],
PRD-002/T-014, PRD-002/T-016)

Specific requirements involve identifying multiple barriers (natural and engineered),
describing the capabilities of these barriers to isolate waste, and providing technical
bases for capabilities descriptions consistent with the postclosure performance
objectives. To comply with these requirements, the following acceptance criteria are
identified in Table 3-1 of Technical Work Plan For: Regulatory Integration Modeling
and Analysis of the Waste Form and Waste Package (BSC 2004 [DIRS 171583]):

ACI: Identification of Barriers is Adequate
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AC2: Description of the Capability of Identified Barriers is Acceptable
AC3: Technical Basis for Barrier Capability is Adequately Presented

(2) Degradation of Engineered Barriers (NRC 2003 [DIRS 163274], Section 2.2.1.3.1.3;
Canori and Leitner 2003 [DIRS 166275], PRD-002/T-015).

Specific requirements include describing deterioration or degradation of engineered
barriers and modeling degradation processes using data for performance assessment,
including total system performance assessment (TSPA). Consideration of
uncertainties and variabilities in model parameters and alternative conceptual models
are also required. To fulfill these requirements, the following acceptance criteria are
identified in Table 3-1 of Technical Work Plan For: Regulatory Integration Modeling
and Analysis of the Waste Form and Waste Package (BSC 2004 [DIRS 171583]):

ACI1: System Description and Model Integration are Adequate
AC2: Data are Sufficient for Model Justification

AC3: Data Uncertainty is Characterized and Propagated Through the Model
Abstraction

AC4: Model Uncertainty is Characterized and Propagated Through the Model
Abstraction

ACS5: Model Abstraction Output is Supported by Objective Comparisons

Acceptance Criteria from Yucca Mountain Review Plan, Final Report (NRC 2003 [DIRS
163274]) are discussed further in Section 8.6.

4.3 CODES AND STANDARDS

One general standard used in this document is ASTM C 1174-97 [DIRS 105725], Standard
Practice for Prediction of the Long-Term Behavior of Materials, Including Waste Forms, Used
in Engineered Barrier Systems (EBS) for Geological Disposal of High-Level Radioactive Waste.

4.3.1 Standards for Test Media
The following test media standards are used in this report:

e UCRL-ID-132285 [DIRS 110868], Formulation and Make-Up of Simulated Dilute
Water, Low Ionic Content Aqueous Solution.

e UCRL-ID-132286 [DIRS 110890], Formulation and Make-Up of Simulated
Concentrated Water (SCW), High lonic Content Aqueous Solution.

e UCRL-ID-132287 [DIRS 110867], Formulation and Make-Up of Simulated Acidic
Concentrated Water (SAW), High lonic Content Aqueous Solution.
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4.3.2 Cyclic Polarization Measurements

The following cyclic polarization standards are used in this report:

ASTM G 3-89 [DIRS 138911], Standard Practice for Conventions Applicable to
Electrochemical Measurements in Corrosion Testing (Section 3, Vol. 3.02, pp. 36 to 44)

ASTM G 5-94 [DIRS 117479], Standard Reference Test Method for Making
Potentiostatic and Potentiodynamic Anodic Polarization Measurements (Section 3,

Vol. 3.02, pp. 54 to 57)

ASTM G 48-99a [DIRS 138917], Standard Test Methods for Pitting and Crevice
Corrosion Resistance of Stainless Steels and Related Alloys by Use of Ferric Chloride
Solution (Section 3, Vol. 3.02, pp. 181 to 186)

ASTM G 61-86 [DIRS 127897], Standard Test Method for Conducting Cyclic
Potentiodynamic Polarization Measurements for Localized Corrosion Susceptibility of
Iron-, Nickel-, or Cobalt-Based Alloys (Section 3, Vol. 3.02, pp. 231 to 235).

4.3.3 General Corrosion Measurements

The following general corrosion standards are used in this report:

ASTM G 1-90 [DIRS 103515], Standard Practice for Preparing, Cleaning, and
Evaluating Corrosion Test Specimens (Section 3, Vol. 3.02, pp. 15 to 21)

ASTM G 48-99a [DIRS 138917], Standard Test Methods for Pitting and Crevice
Corrosion Resistance of Stainless Steels and Related Alloys by Use of Ferric Chloride
Solution (Section 3, Vol. 3.02, pp. 181 to 186).
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5. ASSUMPTIONS
5.1 TITANIUM GRADE 7 VERSUS TITANIUM GRADE 16

It is assumed that, due to the higher palladium (Pd) content, the resistance of Ti Grade 7 to
general and localized corrosion is superior or at least equivalent to that of Ti Grade 16.

The mechanical properties and corrosion resistance of materials largely rely on their
microstructure and chemical composition. The chemical compositions and mechanical
properties, per ASTM B 265-02 (2002 [DIRS 162726]), of the relevant titanium alloys, are
shown in Table 3 and Table 4. In Table 3 and Table 4, Ti Grades 2, 12, 16, and 7 are a-alloys
while Ti Grades 5 and 24 are a-f alloys. Ti Grade 7 contains slightly higher wt% of palladium
(0.12 to 0.25 wt%) as compared to Ti Grade 16 (0.04 to 0.08 wt%) and slightly more carbon.
The mechanical properties specified by ASTM B 265-02 [DIRS 162726] are identical for
Ti Grades 2, 16, and 7. They are also identical for Ti Grades 5 and 24 and for Ti Grades 9 and
18 (Table 4) (ASTM B 265-02 [DIRS 162726]).
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Table 3. ASTM B 265-02 Specifications for Chemical Composition Requirements (wt %) of Relevant Titanium Alloys in This Report

UNS Residual Residual

Material Designation N C H o Fe Al \'/ Pd (each) (total) Titanium
Ti Grade 12 | (93400 003 | 008 | 0015 | 025 | 0.30 - - ; 0'2,\t/|°00'4 0.6 :\?u 09 | balance
TiGrade 2 | R50400 003 | 008 | 0015 | 025 | 030 - ] - 01 04 balance
Ti Grade 16 | R92402 003 | 008 | 0015 | 025 | 030 - . oboggo 0.1 0.4 balance
Ti Grade 17 | (92252 003 | 008 | 0015 | 0.18 | 0.320 - - obogéo 0.1 04 balance
TiGrade 7 | R92400 003 | 010 | 0015 | 025 | 030 - . 061 §5t° 01 04 balance
Ti Grade 11 | (92250 003 | 010 | 0015 | 018 | 0.20 - - 061 gsto 0.1 04 balance
TiGrade 5 | 106406 0.05 | 008 | 0015 | 020 | 040 56'5720 345;0 — 0.1 04 balance

. R56405 55t0 | 35t0 | 0.04to
Ti Grade 24 005 | 008 | 0015 | 020 | 040 | %X e ooa 0.1 04 balance
TiGrade 9 | R96320 003 | 008 | 0015 | 012 | 025 2355“’ 2'3030 — 0.1 04 balance

. R56322 25t0 | 20to | 0.04to
Ti Grade 18 003 | 008 | 0015 | 015 | 025 o 2 o 0.1 04 balance

Source: ASTM B 265-02 [DIRS 162726], Table 2.
NOTE: * UNS R56320 requires lower N, C, O, and H.
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Table 4. ASTM B 265-02 Specifications for Mechanical Properties of Relevant Titanium Alloys

Minimum Yield Strength, 0.2 % Offset

Tensile Minimum

UNS Strength, ksi Mi Max Elongation

Material Designation | ksi MPa ksi MPa ksi MPa in2in., %
Ti Grade 12 | R53400 70 483 50 345 — — 18
Ti Grade 2 R50400 50 345 40 275 65 450 20
Ti Grade 16 | R52402 50 345 40 275 65 450 20
Ti Grade 17 | R52252 35 240 25 170 45 310 24
Ti Grade 7 R52400 50 345 40 275 65 450 20
Ti Grade 11 R52250 35 240 25 170 45 310 24
Ti Grade 5 R56406 130 895 120 828 | — — 10
Ti Grade 24 | R56405 130 895 120 828 | — — 10
Ti Grade 9 R56320* 90 620 70 483 | — — 15
Ti Grade 18 | R56322 90 620 70 483 | — — 15

Source: ASTM B 265-02 [DIRS 162726], Table 1.

have same mechanical properties
_______________________ ! regardless the variation in chemical
composition

| |
| 0.04-0.08 Pd i
| » .
! Ti Grade 9 »| TiGrade18 | |
W y e — j
, 3AL25V
0.2-0.4 Mo, 0.6-0.9 Ni R O — | i !
I | [ |
i 6ALAV! . i
Ti Grade 12 [¢——— Ti Grade 2 : —>| TiGrade5 | |
| | | |
| | | |
! 0.04-0.08Pd | | 0:04-0.06 Pd |
| v | | —
| | .
i Ti Grade 16 : i Ti Grade 24 i
____________________ | |
Lower oxygen | e J:
v 0.08-0.17Pd |
|
Ti Grade 17 ] |
Ti Grade 7 i Materials grouped by dotted lines
|
|
|

Ti Grade 11

00363DC_015.ai

Lower oxygen

NOTE: Alloys grouped by dotted lines have the same mechanical properties, regardless of the chemical
compositions (amount of Pd).

Figure 2. Schematic of the Relationship Between the Relevant Titanium Alloys

As shown schematically in Figure 2, based on the data in Table 3 and Table 4 the addition of a
small amount of palladium to Ti Grade 2 to form Ti Grades 16 and 7 does not alter the
mechanical properties of the alloy. While further addition of palladium (and a negligible amount
of carbon) to Ti Grade 16 to yield Ti Grade 7 does not affect the mechanical properties of the
alloy, the resistance to general and localized corrosion is improved (Schutz 2003
[DIRS 168772]). Ti Grade 16 was used as an analog of Ti Grade 7 at the LTCTF for the 1-year
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and 5-year weight-loss tests due to its compositional similarity to Ti Grade 7. The corrosion
performance of Ti Grade 7, because of its higher palladium content, is superior or at least
equivalent to that of Ti Grade 16 (Schutz 2003 [DIRS 168772]).

Therefore, the assumption that the resistance to general and localized corrosion of Ti Grade 7 is
superior or at least equivalent to those of Ti Grade 16 is valid. This assumption is used
throughout this report.

5.2 DRY OXIDATION

It is assumed that dry oxidation of the drip shield occurs at any RH below the threshold RH
(RH ;iticqr) for humid-air corrosion.

Although no values for the threshold RH are presented in this report, the existence of a threshold
RH is mentioned throughout this document. The critical relative humidity is the relative
humidity below which water will not form on a clean metal surface and electrochemical
processes will not occur (ASM International 1987 [DIRS 133378], p. 82). For clean metal
surfaces, the relative humidity must exceed about 60% before a thin film of moisture will form
on the metal surface, providing an electrolyte for ionic current transfer (ASM International 1987
[DIRS 133378], p. 82). Cleanliness, corrosion product build-up, and hygroscopic salts or
contaminants can cause water absorption at lower relative humidities (ASM International 1987
[DIRS 133378], p. 80). On this basis, the existence of a threshold RH for initiation of corrosion
processes is a reasonable assumption and consistent with data presented in corrosion handbooks.

Dry oxidation forms an adherent, protective oxide film of uniform thickness. This observation is
supported by experience with titanium that shows that in general, the rate of dry oxidation is
limited by mass transport through the growing metal oxide film, and the oxide thickness obeys a
parabolic (Welsch et al. 1996 [DIRS 114895]) or logarithmic (Shoesmith et al. 1995
[DIRS 117892]) growth law. Reasonable values of the rate constant have been derived, as
discussed in Section 6.4. This is a reasonably bounding assumption supported by the extensive
literature concerning the adherent and protective nature of the oxide layer formed on titanium
and titanium alloys under dry air conditions and, thus, does not require further validation
(Section 7.3). This assumption is used in the analysis presented in Section 6.3.

5.3 HUMID-AIR CORROSION

It is assumed that humid-air corrosion occurs at any RH above the threshold RH
(Assumption 5.2), provided there is no dripping. It is further assumed that the rates of humid-air
corrosion can be obtained from corrosion data from the LTCTF and that the general corrosion
rate over the full regulatory period can be bounded by a constant rate value (selected from a
cumulative distribution function, Section 6.5) that does not decrease with time. Less
conservative corrosion models (such as the parabolic and logarithmic forms assumed for the dry
oxidation analysis) assume that the rate decreases with time. However, the assumptions used
here are reasonable bounding assumptions supported by both the initial LTCTF data (e.g., by
comparing the 1-year, 2.5-year and 5-year corrosion rates obtained at LTCTF) and the available
literature concerning the aqueous corrosion of titanium and titanium alloys (Section 7.4).
Therefore, these assumptions are conservative and do not require further validation. These
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assumptions are used in the analysis of general corrosion and localized corrosion presented in
Sections 6.3, 6.5, and 6.6.

5.4 AQUEOUS-PHASE CORROSION

It is assumed that at a given surface temperature, liquid-phase water can form on the drip shield
in the presence of salts or mineral deposits, or both. In the presence of such deposits, a liquid-
phase can be established at a higher temperature than otherwise possible. Two conditions must
be met for aqueous-phase corrosion to occur: (1) the presence of dripping water and (2) relative
humidity above the deliquescence point of the deposit at the temperature of the drip shield
surface (i.e., RH = RH_;itica).

A discussion on the threshold relative humidity (RHi1icq) for humid-air corrosion can be found
in Assumption 5.2. It is also assumed that the general corrosion rate may be bounded by a
constant-rate value that does not decrease with time. Less conservative corrosion models assume
that the rate decreases with time. General corrosion occurs uniformly over the drip shield
surface. These are reasonable bounding assumptions supported by both the initial LTCTF data
and the available literature concerning the aqueous corrosion of titanium and titanium alloys
(Section 7.4) and require no further confirmation. This assumption is used in the analysis of
general corrosion and localized corrosion presented in Sections 6.3, 6.5, and 6.6.

5.5 DRIPPING CONDENSATE FROM INNER SURFACE OF THE DRIP SHIELD

It is assumed that once the temperature of the drip shield drops below the dew point,
condensation can occur on the inner surface of the drip shield. While clinging to the underside
of the drip shield, this condensate is dilute water. This is a reasonable bounding assumption
supported by both the initial LTCTF data and the available literature concerning the aqueous
corrosion of titanium and titanium alloys (Section 7.4). This assumption is used in the analysis
of general corrosion and localized corrosion presented in Sections 6.3, 6.5, and 6.6.

5.6 THRESHOLD FOR LOCALIZED CORROSION

It is assumed that no localized corrosion occurs if the open circuit corrosion potential (E.,,,) is
less than the threshold potential for localized corrosion (Eisicqr). This assumption is based on the
criterion commonly used in the corrosion literature (Gruss 1998 [DIRS 100893];
Kehler et al. 2001 [DIRS 162231]; Scully et al. 1999 [DIRS 110246]) and is also used in
General Corrosion and Localized Corrosion of Waste Package Outer Barrier (BSC 2004
[DIRS 169984]). Therefore, this assumption does not require further validation.

Various approaches have been used for choosing these threshold potentials and understanding
the relationships between the threshold potentials and localized initiation (Gruss 1998
[DIRS 100893]; Kehler et al. 2001 [DIRS 162231]; Scully et al. 1999 [DIRS 110246]). In this
report (Section 6.6), the threshold potential is defined as the potential where the current density
in a cyclic polarization forward scan significantly increases (the passive film breakdown
potential). This potential is denoted as “E.iic../” in Section 6.6.2 and “Potential 1” in Figure 14
through Figure 18, respectively.
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6. MODEL DISCUSSION

The relative importance of the model is high. The analyses performed and models developed in
this report are based on both qualified experimental corrosion rate data from tests (particularly at
the LTCTF) and handbook data for the oxidation and corrosion of titanium alloys.

The purpose of the oxidation/corrosion model is to account for corrosion of the drip shield
material (Ti Grade 7) in environments relevant to the repository. The details on the repository
environmental conditions are discussed in Engineered Barrier System: Physical and Chemical
Environment Model (BSC 2004 [DIRS 169860], Section 6). The relevance of the test media at
LTCTF to the repository environments is discussed in Section 2.2 of Engineering Materials
Characterization Report (Estill 1998 [DIRS 117697]). The test media used for this model
development are plausible environments, given the ionic species present in J-13 well water and
the possible interaction of water with the near-field environment over extended periods. The
possible corrosion modes that the drip shield may experience include dry oxidation, general
corrosion, or localized corrosion.

This section briefly introduces the expected in-drift temperature and humidity histories
(Section 6.1) and the relevance of the LTCTF test media to the in-drift chemical environments
(Section 6.2). The conceptual models of dry oxidation (Section 6.3.1), humid-air corrosion
(Section 6.3.2), and aqueous-phase corrosion (Section 6.3.3) are discussed followed by the
detailed modeling of dry oxidation (Section 6.4), general corrosion (Section 6.5), and localized
corrosion (Section 6.6). In the repository, the exposure environments for inner and outer
surfaces of the drip shield are different. The major difference between the inner and the outer
surfaces of the drip shield is that the outer surface will be exposed to a more complicated
chemistry and geometry because of dust or mineral films (from evaporation of dripping water
that could form crevices. In contrast, the inner surfaces of the drip shield will not be exposed to
dripping water or significant film formation. Therefore, the general corrosion of the inner
surface and the outer surface of the drip shield is modeled using different sets of corrosion data
in this report (Section 6.5). This approach is schematically illustrated in Figure 3. Also, as
indicated in Section 1.4, the model developed in this report does not exclude the potential for
localized corrosion under the “no-drip” condition. Localized corrosion could occur if the right
dust deliquescence chemistry is reached at RH values equal to or greater than the RH  isicqi. In
either the drip or no-drip case, the criterion for localized corrosion initiation will be used to
predict whether localized corrosion will occur (Section 6.6).

The scope of this report also includes identification and disposition of the primary FEPs affecting
postclosure drip shield degradation. The development of a comprehensive list of features,
events, and processes (FEPs) potentially relevant to postclosure performance of the Yucca
Mountain repository is an ongoing, iterative process based on site-specific information, design,
and regulations. To support TSPA-LA, the FEP list was reevaluated in accordance with the
Enhanced FEP Plan (BSC 2002 [DIRS 158966], Section 3.2). Table 5 provides a list of FEPs
that are included in this report and provides specific references to sections within this report
where the FEPs are discussed. Table 6 provides a list of FEPs that are excluded in this report
and provides specific references to sections within this report where the FEPs are discussed. See
also DTN: MOO0407SEPFEPLA.000 [DIRS 170760] for a description of these FEPs and FEPs
Screening of Processes and Issues in Drip Shield and Waste Package Degradation (BSC 2004
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[DIRS 169997]) for a complete list of all FEPs related to waste package and drip shield
degradation.

Table 5. Features, Events, and Processes Included (Screened In) in This Model Report

FEP No. FEP Name Disposition Described In

2.1.03.01.0B | General corrosion of drip shields Sections 6.4 and 6.5.

Table 6. Features, Events, and Processes Excluded (Screened Out) in This Model Report

FEP No. FEP Name Disposition Described In
2.1.03.03.0B | Localized corrosion of drip shields Section 6.6
2.1.03.05.0B | Microbially influenced corrosion (MIC) of drip shields Section 6.7.2
2.1.11.06.0B | Thermal sensitization of drip shields Section 6.7.3
2.1.13.01.0A | Radiolysis Section 6.7.1

Corrosion of Drip Shield Material

IFRH < RH If RH = RHgiica
critical and E - B
corr = ™critical
If RH = RHcritical
van d Ecorr < Ecritical
Dry Oxidation General Corrosion Localized Corrosion
fﬂg g;n,;i;rr,}’; Sty | More complicated chemistry
(no-dripping) and geolmetry (Dripping)
Model Approach ¢ | #
Using Literature Model Approach
Data Inner Surface | | | Outer Surface (1) Using LLNL CP (AE) Data
T | T As LC Initiation Criterion
Section 6.4 | (2) Using LLNL “Weight-
Model Approach Model Approach Loss+Crevice” Results to Model
Using LLNL’s Using LLNL’s General Corrosion Rates
“Weight-Loss Only” “Weight-Loss+Crevice” with the Presence of Crevice
Data Data as a Conservative Approach
00445DC_004.ai
Section 6.5 Section 6.6

Note: Section 6.3 discusses conceptual models of dry oxidation and general corrosion.

Figure 3. Schematic lllustration of Corrosion Modes and Modeling Approaches in Section 6
6.1 EXPECTED IN-DRIFT TEMPERATURE AND HUMIDITY

Figure 4 shows a summary of the range of waste package temperature and humidity histories for
all waste packages (a and b), all CSNF waste packages (c and d), and all DHLW waste packages
(e and f) (BSC 2004 [DIRS 169565], Figure 6.3-53) for the TSPA base case. The ranges include
the lower-bound, mean, and upper-bound infiltration flux cases and use of the mean thermal-
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conductivity values for all unsaturated zone layer units, including the host-rock units. The
influence of the low-probability-seismic collapsed-drift scenario on in-drift thermohydrologic
conditions is shown in Figure 5 (BSC 2004 [DIRS 169565], Figure 6.3-57). The curves for
waste package temperature are bounding representations for the drip shield because the waste
package (and the waste it contains) is the heat source in the repository environment. The
repository design enables operation in three temperature regimes: dryout, transition, and
low-temperature. The relevant attributes of each regime are summarized below (BSC 2004
[DIRS 169565]):

Dryout-Drift walls will first be dried by ventilation air during the preclosure period. During
postclosure, heat generated by radioactive decay increases the waste package, drip shield, and
drift wall temperatures to above the boiling point of water. Because no significant seepage is
expected when drift wall temperatures are above the boiling point of water, no aqueous-phase
corrosion due to seepage is expected. However, depending on the surface temperature and
relative humidity conditions, the existence of liquid-phase water on the waste package or drip
shield is possible due to the presence of a dust or salt deposit. In the presence of such a deposit,
a thin-film liquid phase can be established at a higher temperature and lower relative humidity
than otherwise possible. Thus, formation of deliquescent brines in the absence of seepage may
occur, and corrosion of the waste package and drip shield is considered in the context of these
solutions. Calcium chloride-type brines are possible and predicted to occur in this regime, but
they occur in the host rock when temperatures are above boiling and seepage into the drift is
prevented by the vaporization barrier effect.

Transition—Seepage into the drifts is possible as the waste package cools, as the temperature of
the drift wall drops below the boiling point of water, and while the waste package surface
temperature is at or above the boiling point of the water. Seepage waters will undergo
evaporative concentration on the drip shield surface or the waste package surface at the time
when the drip shield seepage diversion function is lost, thereby evolving into either carbonate- or
sulfate-type brines. The drip shield will mitigate seepage effects on the waste package.
However, as in the dryout regime, formation of deliquescent brines could occur in this regime.

Low Temperature—As the waste package cools to a temperature below the boiling point of
water, the in-drift relative humidity will increase, so evaporated solutions cannot be as
concentrated. With further cooling, the temperature will drop to below the threshold for
localized corrosion for the repository-relevant environments. This threshold temperature is a
function of the presence of beneficial ions, such as nitrates and sulfates.
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6.2 RELATION OF IN-DRIFT CHEMICAL MODEL RESULTS TO CORROSION
TESTING ENVIRONMENT

The project has developed an understanding of the in-drift chemical environment for the three
temperature regimes described in Section 6.1. The understanding is based on geochemical
models and supporting data and analysis appropriate for the repository conditions. A detailed
description of the evolution of the chemical environment is provided in Engineered Barrier
System: Physical and Chemical Environment Model (BSC 2004 [DIRS 169860], Section 6),
which includes detailed discussions of the relationship between the geochemical process model
results, the range of expected in drift environments, and the chemical environments used in
corrosion related testing. The model output is in the form of lookup tables, listing ion
concentrations and pH as a function of relative humidity, temperature, and carbon-dioxide partial
pressure. A brief summary of the chemical environment applicable to corrosion related testing
extracted from the technical basis document on in-drift chemical environment follows.

Brines that develop on the waste packages and drip shields are the result of either evaporative
concentration of seepage water or deliquescence of deposited salts. Deposited salts are due to
entrained matter in the ventilation air, dust and debris deposited within the drifts, or seepage
waters that have evaporated to dryness. Seepage waters do not enter the drifts until host rock
temperatures fall below 100°C. Dust salts deliquesce water from the atmosphere to form thin
films on waste packages and drip shields above the normal boiling point of water (up to about
140°C) (BSC 2004 [DIRS 169860], Section 6).

Corrosion testing to determine the response of waste package, drip shield, and other in-drift
materials is carried out in environmental conditions consistent with those predicted by in-drift
chemical modeling. Corrosion testing environments were chosen based on the three types of
natural brines: (1) calcium chloride, (2) carbonate, and (3) sulfate. Initial studies focused on the
carbonate-type brine, based on reasoning that carbonate-type waters typified by J-13 well water
from the saturated zone near Yucca Mountain, are the expected types at the repository
(Harrar et al. 1990 [DIRS 100814]).

The brine name reflects the chemical characteristic that distinguishes it from the other brines.
Characterization of earth surface brines has, in part, guided the expected range of brine water
chemistry in the repository. Some differences exist between brines formed at the earth’s surface
and brines formed in the repository. These differences are mainly due to the chemistry of
seepage waters and surface waters giving rise to brines, and differences between the salt
chemistry of dust and the dissolved salt content of such surface waters. Two important general
factors specific to the repository brines are the presence of nitrate and more effective
mechanisms for the removal of magnesium. Nitrate will be present in the deliquescent brines
owing to multiple potential sources (BSC 2004 [DIRS 161237], Section 6.7.2.8) and the
generally high solubility of nitrate minerals (BSC 2004 [DIRS 161237], Section 4.1.1.7).
Magnesium will not be significant owing to a combination of low source (for the dust, as well as
for at least some groundwaters) and multiple removal mechanisms (e.g., manganese
sequestration in secondary silicates), most of which are enhanced by elevated temperature
(BSC 2004 [DIRS 161237], Sections 6.7.2.10 and 6.7.2.11).
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Aqueous corrosion test solutions include several multi-ionic solutions based on a carbonate-base
J-13 well water and test solutions containing the major species expected to affect corrosion such
as nitrate ions. The standardized solutions developed as relevant test environments are presented
in Table 7. These solutions include SDW, SCW, and SAW (used for testing at 30°C, 60°C, and
90°C), as well as SSW (used for testing at 100°C and 120°C). The SSW formulation is based
upon the possibility that evaporation of J-13  well water will lead to a
sodium-potassium-chloride-nitrate solution. The following discussion on the relevance of the
test media to the in-drift chemical environment is a summary of Engineered Barrier System.
Physical and Chemical Environment Model (BSC 2004 [DIRS 169860], Section 6) and is used in

this report as background information only.

Table 7. Composition of Standard Test Media Based on J-13 Well Water

lon sbw scw SAW SSW BSW-12
(mg/L™ (mg/L™ (mg/L™ (mg/L™ (mg/L™

K" 3.400E+01 3.400E+03 3.400E+03 1.420E+05 6.71015E+04

Na"' 4.090E+02 4.090E+4 3.769E+04 4.870E+04 1.056860E+05

Mg*? 1.000E+00 <1.000E+00 1.000E+03 0.000E+00 0.000E+00

Ca' 5.000E-01 <1.000E+00 1.000E+03 0.000E+00 0.000E+00

F' 1.400E+01 1.400E+03 0.000E+00 0.000E+00 1.3308E+03

cr' 6.700E+01 6.700E+03 2.425E+04 1.280E+05 1.313155E+05

NO;” 6.400E+01 6.400E+03 2.30E+04 1.313E+06 1.394661E+06

S0, 1.670E+02 1.670E+04 3.86E+04 0.000E+00 1.39237E+04

HCO;” 9.470E+02 7.000E+04 0.000E+00 0.000E+00 0.000E+00

Si 27 (60°C), 49 (90°C)|27 (60°C), 49 (90°C) |27 (60°C), 49 (90°C) | 0.000E+00 0.000E+00

pH 9.8 t0 10.2 9.81t0 10.2 2.7 55-7 12

Source: DTN: LL040803112251.117 [DIRS 171362].

NOTE: pH measured for actual solutions at room temperature.
6.2.1 Calcium-Chloride Brines

The calcium-chloride brines have near neutral pH and no significant bicarbonate or carbonate,
fluoride, or sulfate content. These brines also contain other cations such as sodium, potassium,
and magnesium and other anions such as nitrate. The endpoint of the evaporative concentration
of this type of brine contains Ca-CI/NO; or a mixture of Ca/Mg-CI/NOs. The quantity of
magnesium and calcium is limited due to the precipitation of calcium carbonates, sulfates, and
magnesium silicates. This is consistent with information on saline lakes where sodium is the
dominant cation with the percentage of calcium varying from insignificant to about 40%
(Drever 1997 [DIRS 147480]). Nitrate will be present, and endpoint brine of this type is
dominated by calcium chloride and calcium nitrate. Formation of calcium chloride brines is also
limited in the repository. Brine generated by dust deliquescence is likely be a potassium nitrate—
sodium chloride brine with only a small probability of calcium due to the compositional nature
of the dust leachate. Relative humidity dependence of the calcium-chloride brine composition is
as follows. At low relative humidity, the aqueous solutions are dominated by calcium cations
(very low sodium and potassium) and chloride and nitrate anions, because both calcium nitrate
and calcium chloride are very soluble. At higher relative humidity, chloride and nitrate salts of
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sodium and potassium become soluble and dominate the aqueous solution compositions. This
occurs at or above the deliquescence relative humidity for salts composed of these ions.

Corrosion test solutions corresponding to the calcium chloride brine include calcium chloride,
calcium chloride plus calcium nitrate, the SSW, and sodium chloride aqueous solutions. The
SSW and sodium chloride test solutions simulate the moderate relative humidity scenario where
calcium is a minor component in the aqueous solution.

6.2.2 Carbonate Brines

The carbonate brines are alkaline and do not contain significant calcium or magnesium content.
In the early stages of the evaporative concentration, calcium precipitates predominately as
carbonate mineral (calcite or aragonite) under equilibrium conditions. Magnesium precipitates
as a minor component in the calcium carbonate species and as magnesium silicate. Potassium
may be significant in some of these brines. Nitrate is expected to be an important component,
and a brine of this type may evolve through a high extent of evaporation into one in which nitrate
is actually the dominant anion. The carbonate brine is likely to be represented as alkali metal
(sodium or potassium) carbonate brine.

Relative humidity dependence of carbonate brine composition is as follows:

e At low relative humidity, the aqueous solutions are dominated by nitrate and chloride
anions with nitrate ions dominating at the lowest relative humidity.

e At moderate relative humidity (greater than 70% relative humidity), chloride ions
dominate the solution composition. The nitrate-chloride solutions will have slightly
elevated pH due to residual carbonate in solution.

e Significant amounts of carbonate and sulfate ion are not expected until the relative
humidity is greater than 85%.

Corrosion test solutions corresponding to the carbonate type of brine include the SDW, SCW,
BSW, and under certain circumstances, SSW and SAW aqueous test solutions (Table 7). The
BSW test solution is a highly concentrated alkaline solution under repository conditions where
temperatures measure its boiling point of nominally 112°C to 113°C or where the relative
humidity is nominally 70% to 75%. The SCW test solution is a moderately concentrated alkaline
solution and solutions in this concentration range form at relative humidity in the range of 90%
to 95%. The SDW test solution is a dilute alkaline solution and solutions in this concentration
range form at high relative humidity (greater than 99%). These may have characteristics of
solutions at the drift wall, that is, typical of in-drift seepage waters.

Under conditions of extreme evaporative concentration (i.e., low relative humidity) this type of
brine containing high nitrate and chloride content would evolve into a nitrate-chloride brine with
low carbonate content. The SSW test solution has characteristics of this type of brine. Likewise,
the SAW test solution has characteristics of low carbonate brine and of solutions in equilibrium
with relative humidity of nominally 90%. The calcium and magnesium addition to this test
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solution makes it more able to sustain lower pHs due to the hydrolysis properties of these
cations.

6.2.3 Sulfate Brines

The sulfate brines have near-neutral pH and no significant bicarbonate/carbonate and calcium
content. Calcium precipitates as carbonates and possibly as sulfates. In addition, they typically
have only a small amount of magnesium, though some surface brines have been observed to have
high magnesium (Drever 1997 [DIRS 147480], Table 15-1, p. 333, brines 1-3). The dominant
cation is typically sodium. In the repository brines, potassium is comparable to sodium, and
magnesium is insignificant. A brine of this type may also evolve through a high extent of
evaporation into one in which nitrate is the dominant anion.

Relative humidity dependence of the sulfate brine composition is as follows:

e At low relative humidity, the aqueous solutions are dominated by nitrate and chloride
anions with nitrate ions dominating at the lowest relative humidity.

e At moderate relative humidity (greater than 70% relative humidity), chloride ions
dominate the solution composition. However, unlike the carbonate brines, these brines
have near neutral to slightly acidic pH because of the lack of a carbonate component.

e Significant amounts of carbonate and sulfate ion do not exist until the relative humidity
is greater than 85% because of the increase in solubility of sulfate minerals (sodium and
potassium sulfates). Magnesium sulfate is present in insignificant quantities in these
brines.

The corrosion test solutions corresponding to the sulfate type of brine include the SAW and
SSW. This type of brine has near neutral to slightly acidic pH and, as noted, magnesium is not
present in seepage waters to any significant extent. The SAW test solution has characteristics of
solutions in equilibrium with nominally 90% relative humidity. The SSW has characteristics of
water that have undergone evaporative concentration to the extent that sulfate precipitates out of
solution (this is for the magnesium-free situation).

Two important general factors specific to the repository brines are the presence of nitrate and
more effective mechanisms for the removal of magnesium. Nitrate will be present in the
deliquescent brines because of multiple potential sources (BSC 2004 [DIRS 161237],
Section 6.7.2.8) and the generally high solubility of nitrate minerals (BSC 2004 [DIRS 161237],
Section 4.1.1.7).

Magnesium ions will not be significant because of a combination of low concentration (for the
dust, as well as for at least some groundwaters) and multiple removal mechanisms
(e.g., manganese sequestration in secondary silicates), most of which are enhanced by elevated
temperature (BSC 2004 [DIRS 161237], Sections 6.7.2.10 and 6.7.2.11).

Carbonate helps buffer pH in any occluded geometry such as a crevice, and sulfate acts as a

corrosion inhibitor. The compositions of these environments, as well as the solution known as
BSW, are given in Table 7. Small amounts of carbonate form in the SSW, SAW, and BSW
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solutions by interaction with gas phase carbon dioxide. The amount of carbonate formed was not
determined experimentally because the small amounts will not affect the corrosion processes
significantly.

BSW has a pH between 11 and 13 and a boiling point near 110°C (BSW-12 with a pH of 12
shown in Table 7). This test medium was established based on results from a distillation
experiment. The total concentration of dissolved salts in the starting liquid was more
concentrated than that in the standard SCW solution. After evaporation of approximately 90% of
the water from the starting solution, the residual solution reaches a maximum chloride
concentration and has a boiling point of approximately 110°C, with a pH of about 11. The
synthetic BSW solution composition can be slightly modified (mainly by adding sodium
hydroxide) to cover a range of pH values, yielding BSW-13, BSW-12, and BSW-11.

Deliquescence of dust deposited on the waste packages and drip shield is another means by
which brines can form on these engineered barrier system components. In the absence of salts,
condensed water can be present on smooth surfaces only if the relative humidity is 100%. At
lower relative humidity, most of the water evaporates, with residual water existing on the surface
as a very thin adsorbate layer. Dissolved salts lower the relative humidity at which such dryout
occurs due to deliquescence. Salt minerals in a dry system lower the relative humidity required
for an aqueous solution to form. When the dissolved salt composition of a solution is known, the
relative humidity at which dryout occurs at a given temperature can be determined. Conversely,
the relative humidity for a given salt or set of salt minerals at which deliquescence occurs at a
specified temperature can also be found.

In all cases, the nitrate component, the most soluble species, dominates the solution composition
at the deliquescent relative humidity or eutectic point of a mineral assemblage at elevated
temperatures. At higher relative humidity, chloride minerals are soluble and could become a
dominant ion. It is not until the relative humidity is much higher that the sulfate and carbonate
compositions become appreciable. In essence, solutions are chloride and nitrate rich at low to
moderate (less than 70%) relative humidity and, at higher relative humidity, sulfate and
carbonate could be appreciable. This is discussed in more detail in Environment on the Surfaces
of the Drip Shield and Waste Package Outer Barrier (BSC 2004 [DIRS 161237]).

6.3 CORROSION MODES AND CORROSION OF THE DRIP SHIELD MATERIAL
6.3.1 Dry Oxidation

The dry oxidation form of general corrosion is the direct oxidation of the titanium surface by
oxygen or dry air. Dry oxidation occurs at any relative humidity (RH) below the threshold value
for humid-air corrosion or aqueous-phase corrosion, or both. In other words, dry oxidation
occurs when the condition is met (Assumption 5.2):

RH < RHcritical (Eq 1)
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The process of dry oxidation results in the formation of an adherent, protective oxide film of
uniform thickness (primarily composed of TiO,). The oxidation reaction is given as (Welsch et
al. 1996 [DIRS 114895]):

Ti + 0, — TiO; (Eq. 2)

Three kinetic laws (parabolic, linear and logarithmic) describe the oxidation rates for many
common metals and alloys (Jones 1996 [DIRS 105076], Section 12.3). Parabolic growth
behavior is often observed at high temperature where the oxide layer is compact and perfectly
adherent, and migration of ions through the oxide layer is rate controlling. Often at lower
temperature and for relatively thin oxide layers, oxidation is inversely proportional to time
(i.e., the oxide growth abides by the logarithmic law). The mechanism of logarithmic oxide
growth involves electric fields across the film when the conductivity of the oxide is low. The
logarithmic growth behavior may become the parabolic growth behavior when the oxides
become thicker. For instance, it has been observed that for nickel at relatively low temperature,
the logarithmic growth is obeyed at 200°C while the parabolic behavior is obeyed at 340°C
(Jones 1996 [DIRS 105076], p. 428). For oxidation of titanium and its alloys, a logarithmic
dependence with time is typical below approximately 200°C, but both logarithmic and parabolic
behaviors have been reported between 200°C and 700°C (Schutz and Thomas 1987
[DIRS 112147]). The linear growth behavior is observed when a reaction at a phase boundary
controls the growth. This normally happens at higher temperatures than those in the repository
environment (e.g., greater than 700°C for unalloyed titanium) (Schutz and Thomas 1987
[DIRS 112147]) indicating that the linear growth law is not relevant to repository exposure
conditions. The formation of pores and cracks in the oxide film is associated with a further
transition from parabolic to linear film growth kinetics, wherein oxygen molecules penetrate
along these faults and maintain linear growth by direct access to the metal alloy surface.

The fracturing and spalling of oxides would only be expected when linear growth kinetics are
established, although it is possible that a series of layers could grow by a sequence of parabolic
growth or film fracture events at the high temperature end of the parabolic growth range.
Neither of these scenarios is expected under repository conditions because the maximum waste
package and drip shield temperatures, below 300°C (BSC 2004 [DIRS 169565], Figure 6.3-57),
are in the temperature range where logarithmic (or, at worst, parabolic) growth conditions apply.
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Source: Jones 1996 [DIRS 105076], Section 12.3, p. 419.
Figure 6. Schematic lllustrations of Logarithmic, Parabolic, and Linear Growth of Oxides

The relationship between the parabolic, logarithmic, and linear oxide growth behavior is
schematically compared in Figure 6. Figure 6 shows that under similar conditions beyond the
point of normalization, the linear growth gives the highest oxide growth rate and the logarithmic
growth, the lowest; although for a very short period, the logarithmic law may yield a slightly
higher corrosion rate than the parabolic law. The parabolic relation is chosen as the primary dry
oxidation model in this report. As shown in Figure 6, this choice also provides a conservative
approach (relative to the logarithmic growth law) for long-term modeling.

6.3.2 Humid-Air Corrosion

Humid-air corrosion is a type of general corrosion. Two conditions are assumed to be required
(Assumption 5.3) for humid-air corrosion to occur: there must be no dripping water contact, and
the exposure RH must be equal to or above a threshold RH value, RH.iticai:

RHERHcritical (Eq 3)

For surfaces covered with dust or salt films, or both, the RH..;..; can be taken to be the
deliquescence point of the surface film. Below the RH,i;cq, it is not possible to form a water
film thick enough to support electrochemical corrosion processes.

The general corrosion of the inner surface of the drip shield is more likely to be humid-air
corrosion because there is no dripping water contact. The general corrosion of the inner surface
of the drip shield is modeled based on the LTCTF data obtained from the specimens with the
“weight-loss” geometry only. A cumulative distribution function has been developed from the
measured weight loss of specimens with the “weight-loss” geometry (i.e., without a creviced
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area) exposed for one year in the LTCTF and validated by the LTCTF 2.5- and 5-year exposure
test data. The LTCTF corrosion tests used Ti Grade 16, which is an excellent analog of
Ti Grade 7 with lower palladium content (Table 1). The weight-loss specimens were exposed to
both vapor and liquid phase environments. There was no significant difference between rates
from the two types of exposure conditions. Therefore, data from specimens exposed to both
vapor and aqueous environments were combined into a single distribution and used as the basis
for estimating general corrosion rates of the inner surfaces of the drip shield, as well as the
corresponding variability and uncertainty. The corrosion rate is constant and does not decrease
with time, providing a conservative approach. The test details of the LTCTF tests are discussed
in Section 6.5.1. The distributions and uncertainties of the drip shield inner surface general
corrosion rates are discussed in Sections 6.5.3 and 6.5.4.

6.3.3 Aqueous-Phase Corrosion

Evaporation of dripping water can result in the formation of salt deposits on the drip shield
surface. In the presence of such a deposit, a liquid-phase can potentially be established at a
higher temperature than on a pristine metal surface. In the model discussed herein, two
conditions must be met for aqueous-phase corrosion to occur: dripping water must be present
(Assumption 5.4), and RH must be greater than or equal to the RH.,isicqi:

RHERHcritical (Eq 4)

Due to the presence of dripping water, the environments in which aqueous-phase corrosion
occurs are more complicated than that which induces humid-air corrosion. Therefore, humid-air
corrosion and aqueous-phase corrosion can result in general corrosion only if E.or < Egyiticar OT
general corrosion and localized corrosion if E.y = Eyisicas (Assumption 5.6).

For the outer surface of the drip shield, dry oxidation, humid-air corrosion, and aqueous-phase
corrosion are all possible. The general corrosion of the outer surface of the drip shield is,
therefore, modeled based on the cumulative distribution function for the dripping case. The
cumulative distribution function is developed by using the combination of the 1-year weight-loss
specimen test data and the I-year crevice specimen test data and validated by using the
combination of the 5-year weight-loss specimen test data and the 5-year crevice specimen test
data. The LTCTF 2.5-year data are used for corroborative model validation. The crevice
specimen data are included in the outer surface general corrosion penetration rate distribution not
only to account for crevice-like geometry that could form under mineral deposits, but also to
account for the presence of dripping water that supplies a continuous source of ions to maintain
crevice chemistry. The distributions and uncertainties of the drip shield outer surface general
corrosion rates are discussed in Sections 6.5.3 and 6.5.4.

6.4 MODELING DRY OXIDATION

The engineered analogue of the titanium drip shield has been discussed in Natural Analogues
Synthesis Report (BSC 2004 [DIRS 169218], Sections 6 and 7). Titanium metal does not occur
in nature. Titanium is present as a major constituent in a number of refractory accessory
minerals commonly found as a minor phase in igneous rocks and in heavy mineral concentrates
in sediments. These minerals include sphene (titanite) (CaTiSiO4(O, OH, F)), rutile (TiO,),
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ulvospinel (Fe,TiO4), and ilmentite (FeTiOs). At the Cigar Lake uranium deposit in
Saskatchewan, Canada, rutile is present within uranium ore and has persisted unchanged for over
a billion years in reducing groundwaters, under hydrothermal conditions, and in a radiation field.
While rutile and other titanium-bearing minerals are oxides, not metals, their general resistance
to alteration reflects the stable nature of titanium-bearing materials (BSC 2004 [DIRS 169218]).
For engineered titanium and its alloys, the nature, composition, and thickness of the protective
surface oxides that form on titanium alloys depend on environmental conditions. The titanium
oxides include TiO,, Ti,03, and TiO. The naturally formed titanium oxide films are typically
less than 10 nm thick, but are highly chemically resistant and can damaged by very few
substances, including hot and concentrated HCI, H,SO,, NaOH, and HF (Schutz and
Thomas 1987 [DIRS 112147]).

Due to the excellent oxidation resistance of titanium and its alloys, long-term low-temperature
(e.g., 100°C to 200°C) laboratory oxidation provides no meaningful data. In this report, the
parabolic relationship, supported by laboratory oxidation data at higher temperatures for short
periods, is chosen as the primary model of dry oxidation. The logarithmic relationship, also
observed to apply at low temperatures (Section 6.3.1), is chosen as an alternative conceptual
model. As indicated in Section 6.3.1 and shown in Figure 6, modeling dry oxidation by the
parabolic relation provides a conservative approach for an oxidation system (such as the drip
shield), in which oxides grow in logarithmic relation. For a prolonged time, as long as
10,000 years, the parabolic and logarithmic growth will lead to very slow increases in oxide
thickness (Figure 6). Logarithmic growth essentially reaches a maximum oxide thickness
(leveling out).

6.4.1 Primary Model for Dry Oxidation

The rate of dry oxidation will be limited by mass transport through this growing metal oxide
film. According to Fick’s first law (Jones 1996 [DIRS 105076], Section 12.3.1), for a linear
concentration gradient across the oxide film of thickness x, the flux can be expressed as:

oC AC
J .=-D  “——=~-D ==
oxde X (Eq 5)

oxide oxide a
X

where J,iq. 18 the molar flux of the reacting species in the oxide, D4 1s the diffusivity of the
reacting species in the oxide, C is the molar concentration, x is the and AC is the corresponding
differential molar concentration.

One can describe the oxide growth with a parabolic rate law as (Welsch et al. 1996
[DIRS 114895]):

dx _k,
dt x (Eq. 6)

where x is the oxide thickness, £, is the thickness-based parabolic rate constant, and ¢ is the time.
Integration of Equation 6 leads to:
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x:,/x§+kpx><t (Eq. 7)

where x, is the initial oxide thickness; x is the oxide thickness at time, #; and &, is a temperature-
dependent parabolic rate constant. Dry oxidation of metal is a thermally activated process.
Therefore, the rate constant, k, obeys the Arrhenius equation:

_ —E,/RT
kp —kpoe

(Eq. 8)

where k,) is a constant, £, is the activation energy, R is the universal gas constant
(8.314 J/mol K) (Lide 1991 [DIRS 131202], inside rear cover). These parabolic oxidation
kinetics could be applied to the growth of thermal oxide films on unalloyed titanium in air at
400°C to 600°C as reported by Schutz and Thomas (1987 [DIRS 112147], p. 685, Figure 25).
The data as read from the original figure are given in Table 8.

Table 8. Titanium Dry Oxidation Thickness

Time 400°C 500°C 600°C
(min) Oxide (nm) Oxide (nm) Oxide (nm)

0 0.0 0.0 0.0

10 4.4 17.8 31.1

30 8.9 23.3 53.3

60 11.1 27.8 83.3
120 11.1 31.1 96.7

Source: Schutz and Thomas (1987 [DIRS 112147], p. 685, Figure 25).

Significant oxidation of titanium and titanium alloys over short times occurs only above 300°C.
In the as-fabricated condition prior to extended environmental exposure, the initial oxide layer
thickness (x,) formed under normal atmospheric conditions (temperature below 150°C) on all
titanium alloys is very small (on the order of a few nanometers) (Schutz and Thomas 1987
[DIRS 112147], page 685 and Figure 25) and, therefore, can be ignored for the purposes of this
model. The data given in Table 8 are handbook data for the oxide layer formed on unalloyed
titanium in air at exposure temperature from 400°C to 600°C, but cover only brief exposure
times (120 minutes) (Schutz and Thomas 1987 [DIRS 112147]). These data were extracted from
an experimental study that indicated the corrosion layer growth rate was parabolic with time at
temperatures below 600°C, and became linear with time at temperatures over 700°C (Schutz and
Thomas 1987 [DIRS 112147]). The oxide layer becomes nonprotective in air at even higher
temperatures. Additionally, Moroishi and Shida (1980 [DIRS 151146]) reported that the
oxidation rate of commercially pure titanium in air saturated with steam at 0.1 MPa for 24 up to
101 days at temperatures between 400°C and 550°C varied from 2.6 mm/yr (~5 nm/min) to
45 mm/yr (~86 nm/min). Linear corrosion kinetics were only observed above 550°C. These
values are higher than those in Table 8, but are appropriate for unalloyed titanium in a high-
temperature fully saturated steam environment. In contrast, the early in drift environment in
which the dry oxidation model will be used is expected to be much drier (CRWMS M&O 2000
[DIRS 154666], Section 3.1 and Appendix C).
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The testing that resulted in the data in Table 8§ was performed over a short time (120 min) and at
higher temperatures (400°C to 600°C) compared to the service period and temperature of the
drip shield. The higher temperatures used in the tests, however, qualify them as accelerated tests
for the oxide layer growth per the methodology given in ASTM C 1174-97 ([DIRS 105725],
Section 14). When the oxide layer is grown under such accelerating factors as temperature and
anodic polarization, it tends to be amorphous and has more structural defects, whereas oxide
layers grown more slowly and naturally (more typical of repository exposure) tend to be more
crystalline and defect free. An amorphous or defected oxide layer would be expected to be
inherently less protective than a crystalline one. Thus, any model derived using accelerated
exposure conditions would have an inherent, but not precisely quantifiable, conservatism.

Taking x, to be zero (no oxide thickness at time zero) and fitting Equations 7 and 8 to the
thickness and temperature data in Table 8 at 120 minutes yields the following expression for the
oxide thickness, x:

x=11,340¢ 13T " (Eq.9)

where T is the temperature in Kelvin and t is the time in minutes.

Table 9. Titanium Dry Oxidation Thickness: Measured versus Calculated Using Equation 9

Titanium Dry Oxidation Oxide Thickness (nm)
100°C 200°C
(373 K) (473 K) 400°C (673K) 500°C (773K) 600°C (873K)
Time Calculated | Calculated | Measured | Calculated | Measured | Calculated | Measured | Calculated
10 (min) 0.0 0.1 4.4 3.0 17.8 10.2 31.1 26.0
30 (min) 0.0 0.1 8.9 5.2 23.3 17.7 53.3 45.0
60 (min) 0.0 0.1 11.1 7.4 27.8 25.0 83.3 63.6
120 (min) 0.0 0.2 11.1 10.5 31.1 35.3 96.7 90.0
1 (yr) 0.4 13.2 — 695.1 — 2,338.1 — 5,956.6
100 (yr) 3.7 132.0 — 6,951.3 — 23,381.0 — 59,565.6
1,000 (yr) 11.7 417.3 — 21,981.9 — 73,937.3 — 188,363.1
10,000 (yr) 36.9 1,319.6 — 69,512.9 — 23,3810.3 — 595,656.4

NOTE: Measured oxide thickness values from source data: Schutz and Thomas (1987 [DIRS 112147], p. 685,
Figure 25) Calculated data output DTN: MO0408MWDGLCDS.002.

Table 9 provides a comparison of the oxide thickness values from Table 8 (experimental) with
values calculated using Equation 9. It is readily seen that at the temperatures relevant to the
repository (BSC 2004 [DIRS 169565], Figures 6.3-53 and 6.3-57), even over long periods the
model predicts negligible oxide layer growth at repository relevant temperatures (i.e., on the
order of micrometers at 200°C).

The application of Equation 9 to the drip shield dry oxidation involves the extrapolation of data
taken over a 120 minutes to time scales five orders of magnitude longer. It also involves
extrapolating the temperatures used in the testing (400°C to 600°C) down to about 100°C. To do
this, these higher temperatures used in the testing must qualify as a valid accelerating factor for
the oxidation per ASTM C 1174-97 ([DIRS 105725]); that is, the higher temperatures should
accelerate the buildup of the oxide layer without substantially altering the mechanism of
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oxidation or the structure of the oxide layer as demonstrated by Schutz and Thomas (1987
[DIRS 112147]) for the oxide layer thickness (Fukuzuka et al. 1980 [DIRS 160395]). Extended
exposure of titanium and titanium alloys to ambient atmospheric conditions (Covington and
Schutz 1981 [DIRS 151102]) to a moist clay atmosphere at up to 90°C, and to a moist air
corrosion furnace at up to 150°C, have resulted in no visible corrosion other than the thin
protective oxide layer (CRWMS M&O 2000 [DIRS 154666], Section 3.1). This is consistent
with the observation that no significant corrosion degradation occurred in titanium alloys below
300°C (Schutz and Thomas 1987 [DIRS 112147]). These observations are consistent with the
conclusion that the oxidation layers grown for short times at temperatures between 400°C and
600°C are not significantly different in nature from oxide layers grown for longer times at lower
temperatures.

6.4.2 Alternative Conceptual Model for Dry Oxidation

The oxidation kinetics of metals depends on gas composition, temperature and exposure time.
For most metals at low temperatures, the oxidation rate is inversely proportional to time
(Jones 1996 [DIRS 105076]):

dx k,

—_— ——

dt ¢ (Eq. 10)

where X is the oxide thickness, 4; is the rate constant, and ¢ is time. The logarithmic law of oxide
growth can be written as (Jones 1996 [DIRS 105076]):

X =k, In(a, -1+1) (Eq. 11)

where X is the oxide thickness in nanometers, ¢ is time in minutes and £; is the rate constant with
the units of nanometers. a; is also a constant with the unit of inverse time (min™).

For titanium and its alloys, below approximately 200°C, the logarithmic dependence with time is
typical, although both the parabolic and logarithmic laws have been reported (Schutz and
Thomas 1987 [DIRS 112147]). Oxide thickening on Ti Grade 7 in groundwater-saturated
bentonite at 95°C has been suggested to follow a logarithmic growth law (Shoesmith et al. 1995
[DIRS 117892]).

By using the experimentally obtained data in Table 8, the dry oxidation rate can be regressed to
the logarithmic relation (Equation 11) at 400°C, 500°C, and 600°C as shown in Figure 7. The
rate constants, k; and constant, a;, obtained for 400°C, 500°C, and 600°C are listed in Table 10.
The logarithmic treatment of the dry oxidation rates results in the following three equations for
400°C, 500°C, and 600°C, respectively:

X, e =2.929 1n(0.505- 1 +1)

(Eq. 12)

X e =5.52110(2.376 - 1+1)

(Eq. 13)
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X e =33.851n(0.148 -7 +1)

600°

(Eq. 14)
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Source: Schutz and Thomas 1987 [DIRS 112147].
Output DTN: MO0408MWDGLCDS.002.
Figure 7. Logarithmic Regression of Dry Oxidation Rate Data for Titanium at 400°C, 500°C, and 600°C

Table 10. Parameters in Dry Oxidation Rate Logarithmic Model Determined by Regression Analysis

X after 1,000 year, | X after 10,000 year,

T (°C) ki, nm a;, min”' nm nm

100 5.4x10™ 0.505* 0.01 0.01

200 0.028 0.505* 0.56 0.63

300 0.38 0.505* 7.45 8.34

400 2.929 0.505 56.81 63.56

500 5.521 2.376 115.64 128.35

600 33.85 0.148 614.92 692.87

Source: Schutz and Thomas 1987 [DIRS 112147].
Output DTN: MO0408MWDGLCDS.002.
NOTE: asvalue at 400°C used.
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Dry oxidation of metal is a thermally activated process. The rate constant, k;, obeys the
Arrhenius equation:

_ —E,/RT
k, =k, e

(Eq. 15)

where kj is a constant, £, is the activation energy, R is the universal gas constant (8.314 J/mol K)
(Lide 1991 [DIRS 131202], inside rear cover), and 7 is the absolute temperature. The activation
energy can be determined by comparing values of k; at two temperatures, as shown in
Equations 16 and 17:

k —E, I RT,
g
PR (Eq. 16)
or
k, E (1 1
Inf| —|=—F ———
k, R\T, T, (Eq. 17)
Substituting experimentally obtained &; values from Table 10 for 400°C and 500°C yields:
1{2.929) _E( 1 1
5.521 R\773K 673K (Eq. 18)

The activation energy is then calculated to be:

(2.929]
E,=8314Jmol" K™ 5.521 ~=27,000J mol™

11 (Eq. 19)
773K 673K

However, using the parameters in Table 10 for 500°C and 600°C results in a different value for
the activation energy:

n(s.szlj

o 33.85 )

E =8314Jmol" K™ ~=101,000J mol™

‘ 11 (Eq. 20)
873K 773K

If E,, is taken as constant over the temperature range of 400°C to 600°C, the k; values in
Table 10 can be regressed to an Arrhenius relationship (Equation 15) as shown in Figure 8. The
rate constant as a function of temperature can, therefore, be expressed as:
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1
In(k, )=— 7003.6?+11.263 (Eq. 21)

The apparent activation energy obtained is ~ 58.22 kJ/mol.

4

3.5 1 .

Ln(k) = -7003.6/T + 11.263
R?=0.885

¢ Data
— Arrhenius Fit N

0.5 1

0.001 0.0011 0.0012 0.0013 0.0014 0.0015 0.0016
11T (1/K)

Source: Schutz and Thomas 1987 [DIRS 112147].
Output DTN: MO0408MWDGLCDS.002.
Figure 8. Determination of Apparent Activation Energy of Dry Oxidation in Logarithmic Growth Model

The rate constant, k;, at lower temperatures (e.g., 100°C and 200°C) can be calculated according
to Equation 21. The calculated values of kj00), ki200) and ks300) are also listed in Table 10.

The value of a; might have a significant influence on the oxide film thickness, X, at relatively
short exposure time (e.g., 60 minutes). At prolonged exposure time (e.g., 1,000 years), however,
the influence of a;on X is negligible. Therefore, the modeling decision that the value of a4 in
Table 10 applies to lower temperatures does not cause significant errors in long-term prediction
of oxide thickness at low temperatures. By using the &; values in Table 10 calculated for 100°C,
200°C, and 300°C and using an a; value of 0.505 min”' for 100°C, 200°C, and 300°C, Figure 9
shows the oxide thickness as a function of exposure time at 100°C, 200°C, and 300°C for the
first 120 minutes. The oxide thickness at 100°C, 200°C, and 300°C, based on the logarithmic
growth law, can be calculated for the prolonged exposure time. Table 10 shows that, after
10,000 years, the oxide thickness at 100°C, 200°C, and 300°C will be 0.01, 0.63, and 8.34 nm,
respectively.

Figure 9 shows that the dry oxidation model based on the logarithmic growth law yields much
smaller oxide thicknesses than those predicted by the parabolic growth law in Section 6.4.1. A
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comparison between Table 9 (parabolic growth law) and Table 10 (logarithmic growth law)
confirms that the dry oxidation model based on the parabolic growth law is a sufficiently
conservative approach.

10 ‘
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1
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1
Py |
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|
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Source: Schutz and Thomas 1987 [DIRS 112147].
Output DTN: MO0408MWDGLCDS.002.
Figure 9. Predicted Logarithmic Oxide Growth on Titanium at 100°C, 200°C, and 300°C

Logarithmic growth provides an alternate model for the dry oxidation of titanium. The
alternative model presented here is a simple approximate extrapolation of the published high
temperature data (at 400°C, 500°C, and 600°C) to lower temperatures (100°C, 200°C, and
300°C). The data for X in Table 8 were taken at 400°C to 600°C. This range is very high
compared with the expected drip shield maximum temperature (below 300°C) (BSC 2004
[DIRS 169565], Figure 6.3-57) and, therefore, qualifies the test as an accelerated test factor per
ASTM C 1174-97 (1998 [DIRS 105725]) requirements. At 100°C the maximum oxide thickness
predicted is virtually nil. By comparison, the primary model (Table 9) predicts oxide layer
thicknesses of 3.7 nm after 100 years, 11.7 nm after 1,000 years, and 36.9 nm after 10,000 years
of exposure at 100°C, while the alternative conceptual model predicts an oxide layer thickness of
virtually nil at 100°C after 100, 1,000, or 10,000 years of repository life. The naturally grown
oxide layers at low temperatures over short times are generally on the order of 10 nm (Schutz
and Thomas 1987 [DIRS 112147]). Both models’ predictions lead to the conclusion that the dry
oxidation of titanium and its alloys under repository conditions can be excluded from further
modeling in TSPA.
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6.4.3 Dry Oxidation Model Uncertainty

Uncertainties in the dry oxidation model are associated with conceptual model uncertainty,
parameter uncertainty, and uncertainty from mathematical simplification. Conceptual model
uncertainty arises from the recommended use of a parabolic rather than a logarithmic model.
The parabolic model was chosen partly because it is more conservative than the logarithmic
model. The logarithmic model essentially predicts an oxide thickness of no more than 10 nm for
the duration of the repository period at 300°C (Table 10), whereas the parabolic model predicts
an oxide thickness of about 36.9 nm for 10,000 years at 100°C (Table 9). This generally
illustrates the conceptual model uncertainty.

Parameter uncertainty arises from the fact that the oxide layer thickness is determined
experimentally by comparing before-and-after specimen weights that are very close to each
other. It is based on such experimental measurements that the oxide thickness values given in
Table 9 and Table 10 were derived by regression analysis (Equation 9 for the parabolic law and
Equations 12 through 15 for the logarithmic law). The uncertainties also exist when
extrapolating the high temperature data to lower temperatures without considering the possible
changes in the oxidation mechanism. However, while the parabolic law provides a conservative
approach and the logarithmic law may provide a liberal approach, both models predict the dry
oxidation rates of Ti Grade 7 to be far less than the roughly 1,500 nm/yr that is required to
corrode through the 15-mm-thick drip shield in 10,000 years. Therefore, the dry oxidation of Ti
Grade 7 under the repository conditions can be excluded from further modeling in TSPA.

6.5 MODELING GENERAL CORROSION
6.5.1 Long-Term Corrosion Test Facility Tests

The LTCTF appears to be the most complete source of corrosion data (Estill 1998
[DIRS 117697], Section 2.2.6) for relevant titanium alloys (Ti Grade 16 with lower palladium
content than Ti Grade 7) in environments relevant to the repository. This facility is equipped
with an array of nearly cubic fiberglass tanks. Each tank has a total volume of ~2,000 liters and
is filled with ~1,000 liters of aqueous test solution. The solution is controlled at either 60°C or
90°C, covered with a blanket of air flowing at approximately 150 cm’ min™, and agitated.
Aerated test conditions are appropriate because in-drift gas flux and composition in the

repository will not be strongly affected by interactions with in-drift and near-drift materials
(CRWMS M&O 2000 [DIRS 153246], Section 3.3.4).

In this report, all general corrosion rates, except the dry oxidation rates, are calculated by using
weight-loss data obtained at the LTCTF (Estill 1998 [DIRS 117697]). The long-term corrosion
tests performed at the LTCTF employed two types of specimen geometry (i.e., weight-loss
specimens and crevice specimens). Both types of specimens were exposed to repository relevant
environments for one, two and half, and five years, respectively. Correspondingly, there are two
types of data treatments in this section. Treatment using the corrosion rate data from weight-loss
specimens only is referred to as “weight-loss only” treatment. Treatment using a combination of
the corrosion rate data from both weight-loss specimens and crevice specimens is referred to as
“weight-loss plus crevice” treatment. Four generic types of samples (U-bends, crevices, weight-
loss samples, and galvanic couples) are mounted on insulating racks and placed in the tanks.
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Approximately half of the samples are submersed, and half are in the saturated vapor above the
aqueous phase. A limited number of the samples are at the water line. Condensed water is
present on specimens located in the saturated vapor.

The materials for the repository drip shield design were selected after the testing program for the
LTCTF was initiated. Therefore, an alloy similar to Ti Grade 7 but with lower palladium
content, Ti Grade 16, was initially incorporated into the LTCTF testing program. Therefore, the
1-year and 5-year corrosion rate data were obtained on Ti Grade 16, while the 2.5-year corrosion
rate data were obtained on Ti Grade 7.

The weight-loss testing includes a wide range of plausible generic test media, including SDW,
SCW, and SAW as shown in Table 7 (Estill 1998 [DIRS 117697], Section 2.2.6). The
compositions of these test media are listed in DTN LL040803112251.117 [DIRS 171362]. The
relevance of these test media to the repository environments is discussed in Section 6.2. The
SDW, SCW and SAW solutions were prepared according to the technical implementation plans
(UCRL-ID-132285 [DIRS 110868]; UCRL-ID-132286 [DIRS 110890]; UCRL-ID-132287
[DIRS 110867]). The SCW test medium is three orders-of-magnitude (1,000%) more
concentrated in some species than J-13 well water and is slightly alkaline (pH ~ 8). The SAW
test medium is three orders-of-magnitude (1,000%) more concentrated in some species than J-13
well water and is acidic (pH~2.7). Two temperature levels (60°C and 90°C) are included in this
qualified testing program. All drip shields are considered to undergo general corrosion at a
constant rate, characterized by the distributions shown in this section and Section 6.5.4.2.

The details on the repository environmental conditions are beyond the scope of this document
and are discussed in Engineered Barrier System: Physical and Chemical Environment Model
(BSC 2004 [DIRS 169860], Section 6). The relevance of the test media at the LTCTF to the
repository environments is discussed in Section 2.2 of Engineering Materials Characterization
Report (Estill 1998 [DIRS 117697]) and in Section 6.2 of this document. The test media used
for this model development are plausible environments given the ionic species present in J-13
well water and the interaction of water with the near-field environment over extended periods.

During the high-temperature thermal period, during approximately the first 100 years after
closure, in-drift gases will be displaced by water vapor, dropping the levels for all other gases in
the drifts during that period (CRWMS M&O 2000 [DIRS 153246], Section 3.3.4). Even this
decrease in oxygen fugacity is not great enough to reverse redox reactions occurring in the
repository (CRWMS M&O 2000 [DIRS 153246], Section 3.3.4).

6.5.2 Modeling Corrosion of Inner and Outer Surfaces of the Drip Shield

The long-term corrosion tests performed at the LTCTF employed two types of specimen
geometries (i.e., weight-loss specimens and creviced specimens). Correspondingly, there are two
types of data treatment in this section. Treatment only using the corrosion rate data from weight-
loss specimens is referred to as “weight-loss only.” As indicated in Section 6.3.2, the “weight-
loss only” treatment is used to model the corrosion rates on the inner surface of the drip shield.
Another treatment uses a combination of the corrosion rate data from both weight-loss specimens
and creviced specimens. This treatment is referred to as “weight-loss plus crevice.” As
indicated in Section 6.3.3, the model using this combination of LTCTF “weight-loss only” and
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“weight-loss plus crevice” data is used to model the corrosion rates on the outer surface of the
drip shield because of its more complicated geometry and chemistry.

The inner and outer surfaces of the drip shield will be exposed in different environments. The
detailed chemistry of the environments to which the inner and outer surfaces are exposed to is
beyond of the scope of this document, however, the environments that the inner surface sees will
be simpler than that the outer surface sees due to the absence of dripping water contact. Water
contacting the outer surface of the drip shield will be either in the vapor, moist air, or dripping
water mode. Dripping water will potentially lead to the formation of scale or precipitated salt
deposits that mimic the type of corrosion represented by the crevice data. Therefore, the
cumulative distribution function that best represents the general corrosion behavior of the drip
shield outer surface is one that combines the weight-loss and crevice corrosion distributions.
The inner surface of the drip shield will not be exposed to dripping water and need not account
for the potential for crevice formation by scale or precipitated salt deposits. Therefore, general
corrosion of the drip shield inner surface is better represented by a cumulative distribution
function based only on the weight-loss specimens.

6.5.3 Calculation of Corrosion Rate Based Upon Weight-Loss Measurement

As previously discussed, general corrosion measurements have been based upon ASTM G 1-90
[DIRS 103515]. The general corrosion (or penetration) rate of an alloy in um/yr can be
calculated from weight-loss data according to the following general formula:

, _ (kxw)
Corrosion Rate (UxTxD) (Eq. 22)
where K is a constant, 7 is the time of exposure in hours, 4 is the exposed area of the sample in
square centimeters, W is the mass loss in grams, and D is the density in grams per cubic
centimeter. The value of K used for the LTCTF data was 8.76 x 10’ um/yr h cm’
(ASTM G 1-90 [DIRS 103515]). This formula for corrosion rate can be rewritten in the
following form:

dp _ w 1
dt pXt [2(a><b)+ 2(bxc)+ 2(a><c)] (Eq. 23)

where dp/dt is the corrosion rate, w is the mass loss in grams, p is the density in grams per cubic
centimeter, ¢ is the time of exposure in years, and the quantity in square brackets represents the
exposed area of the sample in square centimeters. Without application of any conversion factor,
the corrosion rate calculated with this formula has the units of centimeters per year.
Multiplication of dp/dt by 10* um cm™ yields a corrosion rate with the units of micrometers per
year. The weight-loss and dimensional change were measured with electronic instruments
calibrated to traceable standards. Because all data was digitally transferred to computer, the
possibility of human error was minimized.

Comparative sample calculations are used to compare the two formulae, Equations 22 and 23.
Comparison is necessary to show that the error analysis in Section 6.5.4.2 applies to the formula
given by ASTM G 1-90 [DIRS 103515].
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With specific choices for values, Equation 22 yields:

K =8.76x10" umyr~'h cm™

W =0.0001 gm
A=1.0cm?’
T =4380 h

D =454 gmcem™
(8.76%107 umyr™'h cm™ }0.0001 gm)
(1.0 cm? (4380 h)(4.54 gm cm™)

1

CorrosionRate = =0.44 um yr-

A calculation with Equation 23 and the same choices for values yields:

1

k=10% um cm™
w=0.0001 gm
2(axb)+2(bxc)+2(axc)=1.0 cm®
t=0.5yr

p =454 gmcem™

dp _ (10* grm em™ )0.0001 gm)

dt (1.0 cmz)(O.S yr)(4.54 gm cm_3)

1

=0.44 um yr-

As expected, the equations give identical results. The second formula is used as the basis of a
formal error analysis of general corrosion rates determined from LTCTF data.

This analysis includes Ti Grade 16 samples exposed for 1 year and 5 years and the Ti Grade 7
samples for 2.5 years in the LTCTF. However, only the 1-year data are used in the model
development. The 2.5- and 5-year data are used for the model validation (Section 7.4). Since
the 2.5-year data are recently obtained, they are used for corroborative model validation.

Posttest specimen treatments were different for the 1-year test and 2.5- and 5-year tests. The
l-year specimens were cleaned with deionized water and a nylon brush (Estill 1998
[DIRS 117697], Section 2.2.7.1). Because very little cleaning was performed for the 1-year
samples, the incomplete removal of oxide or deposits, or both, may account for the large
negative values in Figure 10 and Figure 11 shown in Section 6.5.3.1.

In contrast, the 2.5-year and 5-year test specimens were cleaned more thoroughly and carefully
as described in TIP-CM-51 [DIRS 169585] and DTN: LL030205912251.016 [DIRS 161755].
After approximately two and half years and five years of exposure to each solution or
environmental condition, these specimens were removed from their respective test vessels to
determine their weight loss. In all of the tested conditions, the coupons were covered with
deposits. Therefore, the coupons were cleaned prior to final weighing. Cleaning was carried out
according to ASTM G 1-90 [DIRS 103515]. For specimens exposed to SCW and SDW, the
posttest specimens were descaled for 2 minutes in a cleaning solution prepared by diluting
150 mL of concentrated HCI acid (37% HCI of specific gravity of 1.19) with deionized water to
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make 1,000 mL of solution (TIP-CM-51 [DIRS 169585]). The cleaning temperature was
ambient. For specimens exposed to SAW, the posttest specimens were first exposed for
2 minutes to the same HCI solution used for descaling samples exposed to SCW and SDW
(TIP-CM-51 [DIRS 169585]). The samples were then immersed at 95°C for 2 minutes in a
solution prepared by dissolving 200 g of NaOH and 30 g of KMnOy, in deionized water to make
1,000 mL of solution. Finally, the specimens were immersed for 3 minutes in a solution
prepared by dissolving 100 g of diammonium citrate in deionized water to make 1,000 mL of
solution. Weight-loss measurements and scanning electron microscopy analysis showed that
these cleaning methods removed all scale from tested samples, yet did not significantly affect
untested foil samples (TIP-CM-51 [DIRS 169585]). These observations indicate that the
cleaning process used for the 5-year samples adequately removed the scale from the samples
thereby effectively eliminating uncertainty due to the cleaning process from the 5-year data. The
only modifications to ASTM G 1-90 [DIRS 103515] methods were an increased immersion time
and the use of a drying oven and desiccator to minimize air exposure.

6.5.3.1 Corrosion Rates Based Upon 1-Year Weight-Loss Measurements

Because the corrosion rates are calculated based on the weight-loss scatter, they are arranged in
such a way that the weight (percentile) of each data point in the whole set of data (the number of
the specimens used in the tests) is known. Plotting the percentile (weight) versus the
corresponding corrosion rate results in a cumulative distribution function. Cumulative distribution
functions in this report are established this way.

General corrosion rates for Ti Grade 16 based on LTCTF 1-year weight-loss samples are shown
in Figure 10. Data obtained at 60°C and 90°C in various test media are plotted in the same
figure to show that these measurements are virtually independent of temperature between 60°C
and 90°C. Furthermore, the composition of the test medium (SDW, SCW, or SAW) had little
impact on the measurements. With the exception of four outliers, most of the rates plotted in
Figure 10 are between approximately -200 and +200 nm/yr. The median is at approximately
Zero.
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Figure 10. Distribution of General Corrosion Rates of Ti Grade 16: LTCTF 1-Year Weight-Loss Samples

The outliers with large negative rates are believed to represent samples where there was
significant amount of oxides or scale not completely removed during the posttest specimen
cleaning, or both.

Similarly, all general corrosion rates for Ti Grade 16 based on LTCTF crevice samples
(Estill 1998 [DIRS 117697], Section 2.2.6; DTN: LL990610605924.079 [DIRS 104994]) are
shown in Figure 11. In this case, it also appears that the measurements are independent of
temperature and test medium. Most of the rates plotted in Figure 11 are between -320 and
+320 nm/yr. The median is at approximately zero. The largest measured rate shown in
Figure 11 (less than +320 nm/yr) will not lead to failure of the drip shield during the 10,000-year
service life. Based upon these data, the life of the drip shield is not limited by the general
corrosion of Ti Grade 16 (an analog of Ti Grade 7) at temperatures less than those involved in
the test (90°C) during a period of 10,000 years.
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Figure 11. Distribution of General Corrosion Rates of Ti Grade 16: LTCTF 1-Year Crevice Sample

The distributions shown in this section are based upon all LTCTF data collected at 60°C and
90°C. There was very little temperature dependence over this range. These distributions are

used to predict the situations at slightly higher temperatures, up to the 120°C boiling point of
SSW.

No obvious crevice attack was observed with the samples represented by Figure 11. The greater
scatter in the crevice corrosion distribution indicates more variability in the corrosion process is
related to the presence of the crevice. Corrosion inside the crevice could be more severe due to
differential aeration, minor pH changes within the crevice, or both, but not severe enough to
destroy the passive film as discussed in more detail in Section 6.6.4. It is also possible that a
different surface finish treatment used for the crevice and weight-loss specimens may have led to
different corrosion rates between the two types of specimens.

Water contacting the outer surface of the drip shield could be either in the vapor, moist air, or
dripping water mode. Dripping water could lead to the formation of scale or precipitated salt
deposits that could mimic the type of corrosion represented by the crevice data. Therefore, the
cumulative distribution function that best represent the general corrosion behavior of the outer
surface of the drip shield is one that combined the weight-loss (Figure 10) and crevice corrosion
distributions (Figure 11). The inner surface of the drip shield is not exposed to dripping water
nor excessive dust or scale deposition and, accordingly, need not account for the potential for
crevice formation. Therefore, it would be better represented by a cumulative distribution function
based on the corrosion rates obtained from the weight-loss only specimens (Figure 10).
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6.5.4 Model Uncertainty

6.5.4.1 Uncertainty Analysis for Weight-Loss Measurements (Data Measurement
Uncertainty)

The general method used in the formal error analysis is now presented. Consider the dependent
variable y defined by the following generic function:

V=AX1, X2, X3, X4, .. Xp) (Eq. 24)

where x; is the i independent variable. The total derivative of y is then defined as:

Jy dy dy Jy Jy
dy = dx, + dx., + dx, +——dx, + - +——dx
Y ek, T T, e T, ax (Eq. 25)

n

Based upon this definition, the maximum error in y can then be defined as:

9V Ay
ox,

KA

+| oy Ax,
ox,

J
+| yAx2 ‘ax
3

0
—yAx1 ‘ax
2

Ay =
4 ox,

+ At

(Eq. 26)

where Ax; is the error in the i independent variable. Let the dependent variable y be the general
corrosion rate measured in the LTCTF,

_a’_p_ w 1
Y dr T pxt laxb)+2(bxc)+ 2(axc)] (Eq. 27)

where dp/dt is the corrosion rate, w is the mass loss in grams, p is the density in grams per cubic
centimeter, ¢ is the time of exposure in years, and the quantity in square brackets represents the
exposed area of the sample in square centimeters. a, b, and c are the dimensions of the test
specimen.

The total derivative of the corrosion rate is:

dy dy dy dy dy dy
dy =——dw+—dp+—=—dt+—=—da+—db+—=d
P o T T o T e (Eq. 28)

The maximum error in the corrosion rate is:

dy dy dy dy dy dy
Ay =|——AwW +|=—Ap|+ |—At|+|—Aa|+| = Ab|+|—A
g aw“+ ap P o ™M aa ™ ac (Eq. 29)
The partial derivates are:
Ay _ 1 1
ow  pxt[2(axb)+2(bxc)+2(axc)] (Eq. 30)
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a_y_ w

a_y_ w

9y ___w 1

dp  p>xt[2(axb)+2(bxc)+2(axc)]

9y ___ W !

ot _pxt2 [2(axb)+2(bxc)+2(axc)|

B [2b +2¢]
da  pxt [2(axb)+2(bxc)+2(axc)]

Wy w [2a +2¢]
b pxt[2(axb)+2(bxc)+2(axc)f

B [2a +2b]
dc pxt 2(axb)+2(bxc)+2(axc)]

(Eq. 31)

(Eq. 32)

(Eq. 33)

(Eq. 34)

(Eq. 35)

The maximum error in the corrosion rate is estimated by calculating numeric values of the partial
derivatives from expected values of the independent variables, multiplication of each partial
derivative by the corresponding error in independent variable (4w, Ap, At, Aa, Ab, and Ac), and

summation of the resulting products.

There is some uncertainty in the density, which is

explained. The error based upon this method is shown in Table 11 through Table 15.

Table 11. Summary of Error Analysis for Corrosion Rates Based Upon Weight-Loss Measurements

Analyzed Weight Loss
Case co:f?nlljprlaeﬁon Exposure Time 0.0001g 0.0010g 0.0100g
g Ay Ay Ay
(nmlyr) (nmlyr) (nmlyr)
1 Crevice 12 month 11.6 12.5 21.7
2 Weight-Loss 12 month 22.0 23.8 41.8

Output DTN: MO0408MWDGLCDS.002.
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Table 12. Error Analysis for LTCTF Corrosion Rates—Definitions

Parameter Parameter Definition Units
w Weight loss 9
P Density g cm?
t Exposure time hr
a Length in
b Width in
c Thickness in
a Length cm
b Width cm
c Thickness cm
N/ w Partial derivative or rate with respect to weight loss cmg” hr’
N/ dp Partial derivative of rate with respect to density cm* g hr’
o/ ok Partial derivative of rate with respect to exposure time |cm h?
/da Partial derivative of rate with respect to length hr
oy/db Partial derivative of rate with respect to width hr'
oy/dc Partial derivative of rate with respect to thickness hr’
Aw Error in weight loss g
Ap Error in density g cm?
At Error in exposure time hr
da Error in length cm
Ab Error in width cm
Ac Error in thickness cm
(/) x (Aw) |Weight-loss product cm hr”’
(y/dp) x (4p) |Density product cm hr!
(y/H) x (At)  |Exposure time product cm hr”’
(/Ja) x (Aa) |Length product cm hr”’
(V/ab) x (Ab) |Width product cm hr!
(M) x (Ac) |Thickness product cm hr”’
Ay Sum of all products cm hr”’
Ay Sum of all products um/yr
Ay Sum of all products nm/yr
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Parameter | Crevice Samples | Weight-Loss Samples
(12 months) (12 months)
w 0.0001 0.0001
P 4.52 4.52
t 8760 8760
a (in) 2.0000 2.0000
b (in) 2.0000 1.0000
c (in) 0.1200 0.1200
a(cm) 5.0800 5.0800
b (cm) 5.0800 2.5400
c (cm) 0.3048 0.3048
N/ w 4.3690E-07 8.2937E-07
y/do 9.6659E-12 1.8349E-11
o/ 4.9874E-15 9.4677E-15
oy/da 8.1397E-12 1.5496E-11
/b 8.1397E-12 2.9332E-11
y/dc 1.5358E-11 4.1507E-11
Aw 0.0003 0.0003
Ap 0.1 0.1
At 24 24
Aa 0.00254 0.00254
4b 0.00254 0.00254
Ac 0.00254 0.00254
(/W) x (Aw) 1.3107E-10 2.4881E-10
(y/dp) x (Ap) 9.6659E-13 1.8349E-12
(HN/H) x (At) 1.1970E-13 2.2722E-13
(/da) x (4a) 2.0675E-14 3.9360E-14
(/b) x (4b) 2.0675E-14 7.4503E-14
(/) x (Ac) 3.9009E-14 1.0543E-13
Ay 1.3224E-10 2.5109E-10
Ay 1.1584E-02 2.1996E-02
Ay 1.1584E+01 2.1996E+01
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Parameter | Crevice Samples | Weight-Loss Samples
(12 months) (12 months)
w 0.0010 0.0010
P 4.52 4.52
t 8760 8760
a(in) 2.0000 2.0000
b (in) 2.0000 1.0000
c (in) 0.1200 0.1200
a(cm) 5.0800 5.0800
b (cm) 5.0800 2.5400
¢ (cm) 0.3048 0.3048
N/ w 4.3690E-07 8.2937E-07
/dp 9.6659E-11 1.8349E-10
o/t 4.9874E-14 9.4677E-14
dy/da 8.1397E-11 1.5496E-10
/b 8.1397E-11 2.9332E-10
/dc 1.5358E-10 4.1507E-10
Aw 0.0003 0.0003
Ap 0.1 0.1
At 24 24
Aa 0.00254 0.00254
4b 0.00254 0.00254
Ac 0.00254 0.00254
(/W) x (Aw) 1.3107E-10 2.4881E-10
(/dp) x (Ap) 9.6659E-12 1.8349E-11
(N/H) x (At) 1.1970E-12 2.2722E-12
(dy/da) x (4a) 2.0675E-13 3.9360E-13
(/db) x (4b) 2.0675E-13 7.4503E-13
(d/dc) x(Ac) 3.9009E-13 1.0543E-12
Ay 1.4274E-10 2.7162E-10
Ay 1.2504E-02 2.3794E-02
Ay 1.2504E+01 2.3794E+01
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Table 15. Error Analysis for LTCTF Corrosion Rates—Chosen Weight Loss of 0.01 Grams

Parameter | Crevice Samples | Weight-Loss Samples
(12 months) (12 months)

w 0.0100 0.0100
P 4.52 4.52
t 8760 8760
a (in) 2.0000 2.0000
b (in) 2.0000 1.0000
c (in) 0.1200 0.1200
a(cm) 5.0800 5.0800
b (cm) 5.0800 2.5400
¢ (cm) 0.3048 0.3048
N/ w 4.3690E-07 8.2937E-07
y/do 9.6659E-10 1.8349E-09
o/ 4.9874E-13 9.4677E-13
oy/da 8.1397E-10 1.5496E-09
/b 8.1397E-10 2.9332E-09
y/dc 1.5358E-09 4.1507E-09
Aw 0.0003 0.0003
Ap 0.1 0.1
At 24 24
Aa 0.00254 0.00254
4b 0.00254 0.00254
Ac 0.00254 0.00254
(/W) x (Aw) 1.3107E-10 2.4881E-10
(y/dp) x (Ap) 9.6659E-11 1.8349E-10
(HN/H) x (At) 1.1970E-11 2.2722E-11
(/da) x (4a) 2.0675E-12 3.9360E-12
(/b) x (4b) 2.0675E-12 7.4503E-12
(/) x (Ac) 3.9009E-12 1.0543E-11
Ay 2.4773E-10 4.7695E-10
Ay 2.1702E-02 4.1781E-02
Ay 2.1702E+01 4.1781E+01

From the estimated errors given in Table 11, it is concluded that the typical uncertainty observed
in weight-loss and dimensional measurements prevent determination of corrosion rates less than
42 nm/yr (with the weight-loss samples as the worst-case scenario). This estimate of error
corresponds to about one standard deviation (/o). Therefore, any measured corrosion rate less
than about 170 nm/yr (40) will not be distinguishable from the measurement error.

General corrosion rates determined from measurements of weight loss in the LTCTF are shown
in Figure 10 and Figure 11 for the inner and outer surfaces of the drip shield, respectively. The
maximum rates shown in Figure 10 and Figure 11 are less than about 320 nm/yr. Any rate less
than 320 nm/yr demonstrates that the drip shield (wall thickness of 15 mm) will not breach by
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general corrosion. The impact of the hole in the crevice samples on the error analysis was
relatively small and, therefore, omitted.

6.5.4.2 Uncertainty in Model Application (Parameter Uncertainty)

Some parameter uncertainty arises from the fact that the oxide layer thickness is experimentally
determined by comparing before-and-after specimen weights that are very close to each other,
probably well within the accuracy of the weight-loss measurement methodology. A significant
number of the measurements, in fact, indicated negative weight losses. The corrosion rate values
given in Figure 10 and Figure 11 were derived from such measurements.

From the data given in Section 6.5.3, the uncertainty in general corrosion rates can be estimated.
In the case of samples with generic weight-loss geometry, measured general corrosion rates are
shown in Figure 10. The distribution of measured rates appears to be symmetric and centered
close to zero. The maximum and minimum rates fall within the limit defined by + 200 nm/yr for
the inner surfaces of the drip shield. In the case of samples with generic crevice geometry,
measured general corrosion rates are shown in Figure 11. The distribution of measured rates
appears to be slightly asymmetric, but still centered close to zero. The maximum and minimum
rates fall within the limit defined by + 320 nm/yr for the outer surfaces of the drip shield. The
negative rates could be due to either scale formation or incomplete removal of the oxide film.

Conservatively in the cumulative distribution functions negative rates are removed. As shown in
Figure 12 and Figure 13, the rate at the 50" percentile is approximately 25 nm/yr, the rate at the
90™ percentile is approximately 75 nm/yr, and the maximum rate is approximately 320 nm/yr.
About 5% of the values fall between 100 and 320 nm/yr.

Another source of parameter uncertainty is implicit in applying the cumulative distribution
functions of corrosion rates measured in experiments of 1-year duration to the thousands of years
service life of the drip shield. A cumulative distribution function is a completely empirical
model per ASTM C 1174-97 ([DIRS 105725]) and has no functional dependence on
environmental or drip shield material parameters. However, there are credible analyses of the
mechanisms of corrosion of Ti alloys that indicate the corrosion rate follows parabolic or
logarithmic kinetics over long periods (Welsch et al. 1996 [DIRS 114895]).

Taking these factors into account, there is an approximately one order-of-magnitude parametric
uncertainty biased toward lower rates in the cumulative distribution function models due to
possible bias in the measurements, corresponding roughly to the range of the spread of ‘negative’
corrosion rates shown in Figure 10 and Figure 11. This uncertainty is offset by the uncertainty
biased toward higher rates in applying the 1-year cumulative distribution functions to the long
duration of repository service (i.e., no invocation of parabolically or logarithmically decreasing
long-term corrosion kinetics). The estimated combined uncertainty resulting from these factors
is approximately 100% within the combined cumulative distribution functions. The upper-end
value for this uncertainty is, thus, approximately 320 nm/yr. If propagated throughout the model,
this level of uncertainty would result in an estimated corrosion penetration at 10,000 years of
approximately 3.2 mm. This value is still small compared to the 15 mm drip shield thickness.
There is some also uncertainty in the cumulative distribution function due to the unquantified
effect of chemical environment parameters used in the testing that provided the 1-year exposure
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data upon which the cumulative distribution functions are based. This includes the effect of
uncertainties involved with CaCl, and fluoride. However, this uncertainty is small. This was
discussed in the modeling analysis in Section 6.5.4.2. In particular it was demonstrated that even
under extremely aggressive chemical exposure conditions (brines containing 35,000 mg/L of
Mg*" at 250°C) relatively low rates (~ 400 nm/yr) were obtained for Ti Grade 7 (Molecke et al.
1982 [DIRS 161678]) and these rates were attributed to the high temperature and shorter
exposure period (i.e., higher than the rates based on the long-term parabolic or logarithmic
kinetics). Because these measured rates are near the upper bound levels of the cumulative
distribution functions, the uncertainties in the corrosion rates due to unanticipated but possible
aggressive chemical exposure conditions are included within the cumulative distribution function
distributions.

6.5.5 Composite Model for the General Corrosion Rates for Drip Shield

A simple and defensible representation of the observed general corrosion rates is recommended.
The primary difference between the exposure environments on the inner and the outer surfaces of
the drip shield is that the drip shield outer surface may be exposed to a more complicated
chemistry and geometry because dust or mineral films (from evaporation of dripping water), or
both, may form crevices on the drip shield outer surfaces. In contrast, the inner surfaces of the
drip shield will not be exposed to dripping water or significant dust film formation. Therefore,
the general corrosion of the inner surface and the outer surface of the drip shield are modeled by
using different sets of corrosion data. This approach is schematically illustrated in Figure 3.
General corrosion of the inner surface of the drip shield is represented by a cumulative
distribution function generated from the LTCTF weight-loss samples only (Figure 10). The
negative weight-loss general corrosion rates were conservatively removed from the distribution.
The numerical values for this distribution are shown in Table 16 and the cumulative distribution
function is plotted in Figure 12. The general corrosion rates of the outer surface of the drip shield
are represented by a cumulative distribution function generated from combining both the LTCTF
weight-loss samples (Figure 10) and the crevice samples (Figure 11). The negative weight-loss
general corrosion rates were conservatively removed from the distribution. The numerical
values for this distribution are shown in Table 17 and the cumulative distribution function is
plotted in Figure 13.
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These general corrosion rates are considered to be entirely due to uncertainty (i.e., a single
general corrosion rate is sampled from each distribution and applied to all drip shields in the
repository). The general corrosion rate sampled for the outside surface of the drip shield is
independent of the general corrosion rate sampled for the inner surface of the drip shield because
the environments above and below the drip shield are not significantly correlated.

From Figure 12, it can be seen that for the nondripping water case the rate at the 5 o percentile is
approximately 18 nm/yr, the rate at the 90" percentile is approximately 75 nm/yr, and the
maximum rate is less than 120 nm/yr. From Figure 13, it can be seen that for the dripping water
case the rate at the 50" percentile is approximately 25 nm/yr, the rate at the 90™ percentile is
approximately 100 nm/yr, and the maximum rate is less than 320 nm/yr.

Table 16. Cumulative Distribution Function for General Corrosion Rates of Titanium Grade 16: LTCTF
1-Year Weight-Loss Samples (No Negative Rates)

Rate Cumulative Distribution
Sample (mmlyr) Function
1 0.00000000E+00 0.0000
2 7.90540100E-06 0.2500
3 7.90899600E-06 0.3125
4 7.91733600E-06 0.3750
5 7.99205500E-06 0.4375
6 1.59679640E-05 0.5000
7 1.60740360E-05 0.5625
8 2.35658240E-05 0.6250
9 2.37302160E-05 0.6875
10 2.40329080E-05 0.7500
11 3.99976910E-05 0.8125
12 7.14961090E-05 0.8750
13 7.91641200E-05 0.9375
14 1.12788228E-04 1.0000

Source DTN: LL990610605924.079 [DIRS 104994] S99359_036.
Output DTN: MO0408MWDGLCDS.002.
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Table 17. Cumulative Distribution Function for General Corrosion Rates of Ti Grade 16: LTCTF 1-Year

Weight-Loss and Crevice Samples (No Negative Rates)

Sample Rate Cumulative D_istribution
(mmlyr) Function
1 0.00000000E+00 0.00000000E+00
2 4.18430800E-06 1.42857143E-01
3 7.90540100E-06 1.78571429E-01
4 7.90899600E-06 2.14285714E-01
5 7.91733600E-06 2.50000000E-01
6 7.99205500E-06 2.85714286E-01
7 1.59679640E-05 3.21428571E-01
8 1.60740360E-05 3.57142857E-01
9 1.65389750E-05 3.92857143E-01
10 2.10450870E-05 4.28571429E-01
11 2.35658240E-05 4.64285714E-01
12 2.37302160E-05 5.00000000E-01
13 2.40329080E-05 5.35714286E-01
14 2.52784890E-05 5.71428571E-01
15 3.99976910E-05 6.07142857E-01
16 4.26207080E-05 6.42857143E-01
17 4.28647310E-05 6.78571429E-01
18 5.15303020E-05 7.14285714E-01
19 6.33683700E-05 7.50000000E-01
20 6.49668830E-05 7.85714286E-01
21 7.14961090E-05 8.21428571E-01
22 7.91641200E-05 8.57142857E-01
23 8.22028960E-05 8.92857143E-01
24 1.11563286E-04 9.28571429E-01
25 1.12788228E-04 9.64285714E-01
26 3.19409704E-04 1.00000000E+00

Source: DTN: LL990610605924.079 [DIRS 104994] S99359_035
and S99359_036.

Output DTN: MO0408MWDGLCDS.002.

6.5.6 Alternative Conceptual Models for the Representation of Drip Shield General
Corrosion Rates

The composite general corrosion model uses cumulative distribution functions to select values
for the general corrosion rate. The cumulative distribution functions were obtained from the
titanium corrosion testing at the LTCTF. The testing performed to support this model involved
exposure of titanium alloy coupons for up to five years. The distribution of these rates is then
considered in the model to be maintained over the regulatory period. In this way, the general
corrosion model is based on the conservative assumption (Assumptions 5.3 and 5.4) that the
corrosion rates will not decrease with time.

1. An alternative conceptual model is to apply a parabolic model (such as the one used

for the dry oxidation model) to the cumulative distribution function. The implicit
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postulation behind such a model is that the basic mechanism for oxide layer growth
under aqueous conditions would be essentially the same as for dry oxidation
conditions, and that credit in the model could be taken for the inhibiting effect of the
increasing oxide layer thickness on diffusion of oxidizing species to the underlying
metal. This model is less conservative than the primary model discussed herein.

The primary difficulty with this model is that the parabolic form of the dry oxidation
model (or the logarithmic form of the dry oxidation alternative conceptual model) used
dry oxidation data obtained at high temperature (i.e., using exposure temperature as an
accelerating factor for the oxidation rate per ASTM C 1174-97 ([DIRS 105725))),
whereas the LTCTF data did not use temperature as an accelerating factor (the LTCTF
data did use concentration as an accelerating factor in that the LTCTF testing solutions
are highly concentrated (Table 7)). The formulation of explicit parabolic temperature
dependence for the general corrosion rate is not be possible with currently available
laboratory data. This model is not recommended for further consideration because it is
less conservative than the primary general corrosion model and is not fully justifiable
using the currently available LTCTF and literature data.

2. Another alternative conceptual model for the general corrosion of the drip shield is to
regard the primary model cumulative distribution function as resulting from a
consistent experimental bias in the measurement of the weight loss on the LTCTF
titanium alloy samples. These measurements regularly resulted in “negative”
corrosion rates, a physically impossible situation. If the weight-loss measurements
were assumed to be consistently biased in a way that the cumulative distribution
functions shown in Figure 10 and Figure 11 could be “shifted,” it will add
approximately 100 nm/yr to each cumulative distribution function value. The few
measured values remaining negative could be treated as experimental outliers. This
model is more conservative than the primary model, and allows for an easier
explanation of the way in which the experimental data were used. As with the primary
model cumulative distribution function, however, it would not reflect the physically
reasonable expectation that corrosion rates would in reality decrease in time as the
(protective) oxide layer builds up. Furthermore, as discussed below, literature data do
not support the use of such high rates to characterize the general corrosion of titanium
alloys.

3. A third alternative conceptual model for the corrosion of the drip shield is to take the
general corrosion penetration to be zero over the repository regulatory period of
10,000 years. This alternative conceptual model could be justified by invoking the
following factors:

e Handbook compilations of the corrosion behavior such as those in ASM
Handbook (Schutz and Thomas 1987 [DIRS 112147], pp. 705 and 706) show
corrosion values of titanium as “nil” or micrometers or less per year for most
exposure conditions. The only exposure conditions having general corrosion rates
of tens to hundreds of micrometers per year were extremely concentrated,
reducing, acidic media at high temperatures. These circumstances will not exist
under repository conditions.
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e The titanium alloy corrosion layer on the drip shield forms slowly at moderately
high temperatures. The corrosion layer formed on titanium in this manner is
extremely protective, tenacious, and adherent to the base metal
(Fukuzuka et al. 1980 [DIRS 160395]; Ogden 1960 [DIRS 160556], pp. 661 and
692), and may thereby provide some structural strength. This tenacity was
demonstrated in the method of weight-loss measurement used to develop the
corrosion rate data. Extremely acidic conditions were used to strip the corrosion
product from the titanium base metal to enable measurement of the coupon weight
losses.

e If the titanium alloy corrosion kinetics has logarithmic or parabolic reaction
kinetics similar to other corrosion-resistant materials such as nickel alloys, the
corrosion rate would be expected to level off after a short time relative to the
regulatory period and result in a stable corrosion layer that stops growing
(Section 6.3) (Fukuzuka 1980 [DIRS 160395]).

Because these factors indicate the corrosion rate under repository conditions will
produce a few millimeters corrosion penetration depth at the outermost surface of the
drip shield in 10,000 years and the drip shield thickness is 15 mm, the corrosion layer
will not affect the performance of the drip shield and need not be quantified in further
detail.

6.5.7 Influence of Fluoride on the Corrosion of Titanium

Review of the titanium corrosion literature indicates that the presence of dissolved fluoride in a
range of brine solutions can, under certain conditions, significantly increase the general corrosion
rate of titanium alloys including Ti Grade 7. The enhanced susceptibility of titanium to
corrosion in environments containing fluoride and particularly in acidic fluoride-containing
solutions is generally attributed to the formation of complexes such as TiFs" and TiFs", which
are soluble in electrolyte solutions. The aggressiveness of fluoride in acidic solutions is well
characterized (Mandry and Rosenblatt 1972 [DIRS 159747]). Using Auger spectroscopy
measurements, Wilhelmsen and Grande (1987 [DIRS 151190]) confirmed the direct
incorporation of F into the passive film leading to enhanced dissolution only occurred under
acidic conditions.  Also, measurements of corrosion potential (Nakagawa et al. 1999
[DIRS 159828]) indicate that a combination of a significant F~ concentration (> 500 pg/g) and a
low pH is critical for the loss of passivity. In artificial saliva (at 37°C) passivity was maintained
in solutions containing 500 to 1,000 ppm F~ providing the pH was above 4.3. For lower pH
values the corrosion potential fell from the range 0 to —500 mV (vs SCE) to -850 mV. The latter
potential is a clear indication that aggressive active corrosion conditions had been established.
Polarization curves confirmed the introduction of an active region at these low pH values. It was
generally concluded that the formation of HF at low pH was the key step causing film dissolution
and the establishment of active conditions.

The importance of the passive film conditions in resisting corrosion in neutral fluoride-
containing solutions was also demonstrated in the studies by Brossia et al. (2001 [DIRS 159836])
and Lorenzo de Mele and Cortizo (2000 [DIRS 159833]). The latter authors conducted
measurements in synthetic saliva (pH = 6.5, containing 0.2 mol/L of F’), which showed that if F°
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was added shortly after electrode immersion (while the oxide film was still growing, and hence
defective), the corrosion potential fell rapidly (indicating attack of the oxide). However, if the
oxide were allowed to grow for four days (a sufficient period for the growth of a coherent oxide
with a low defect concentration), then addition of the same amount of F~ had no observable effect
over the subsequent two days of exposure. They concluded that the susceptibility of titanium to
corrosion in F~ was associated with defects and flaws in the oxide.

In the case of the drip shield application in the repository, there is an early period of dry air
exposure. During this time, the drip shield is subjected to a long period of thermal oxidation
prior to aqueous exposure. Choi et al. (1992 [DIRS 159753]) have shown that thermal
treatments not only thicken the oxide film but also significantly decrease the defect density in the
film compared to films grown in aqueous environments. According to Hurlen and Hornkel
(1991 [DIRS 159814]), the kinetics of passive corrosion of titanium in neutral solutions is
controlled by the migration of the predominant defect in the oxide (an oxygen vacancy, Oy")
across the film. The increase in thickness and improvement in film properties would lead to a
significant decrease in susceptibility to fluoride-induced film breakdown and an independence of
the passive corrosion rate on F~ concentration.

Thus, in reviewing the relevant literature on the effects of fluoride on enhanced general
corrosion, it is important to separate the studies into those using relatively freshly polished
specimens and those where the specimens were prefilmed either through longer-term ambient air
exposure or through higher temperature exposures prior to corrosion testing.

6.5.7.1 Summary of Studies Using Freshly Polished Specimens

The polarization behavior of Ti Grade 7 in 1 M NaCl, 1 M NaF, and 1 M NaF + 1 M NaCl at
95°C has been studied by Brossia and Cragnolino (2000 [DIRS 162445], 2001 [DIRS 162420];
2001 [DIRS 159840]) and Brossia et al. (2001 [DIRS 159836]). The effects of fluoride were
found to decrease the E.,, and result in a pseudo active/passive transition with a subsequent
potential independent current region with current density considerably higher than those
typically encountered during passive dissolution (as high as 10° to 107, as compared to
~10° A/em?). Posttest examination of the specimens revealed that the corrosion was general in
nature. The authors further performed potentiostatic tests (Brossia and Cragnolino 2001
[DIRS 162420]) and found the effect of fluoride became noted when the fluoride concentration
reached about 5 x 10* M. The effect of fluoride saturated at about 10> M leading to a plateau
current density of 4 X 10° A/em®. The effect of other anions, nitrate and sulfate, were also
examined. The authors concluded that at least at short times, the deleterious effects of fluoride
overwhelm any beneficial effects from the presence of either nitrate or sulfate (Brossia and
Cragnolino 2001 [DIRS 162420]). By comparing the corrosion behavior of a commercially pure
titanium (non—palladium-bearing) in the presence of fluoride, the same authors concluded that
the addition of palladium to titanium did not substantially improve the performance of titanium
in the presence of fluoride (Brossia and Cragnolino 2001 [DIRS 159840]).

Pulvirenti et al. (2002 [DIRS 159841]) tested Ti Grade 7 in unchanged and modified J-13 well
water (pH 6.5, 7.2 ppm CI, 2.4 ppm F’), concentrated groundwater (pH 14, 6,123 ppm CI,
1,550 ppm F’) and near-dryout groundwater (pH 14, 48,077 ppm CI’, 14,423 ppm F°). Starting
with these three base compositions, they varied the chloride and fluoride contents and pH and

ANL-EBS-MD-000004 REV 02 6-42 September 2004



General and Localized Corrosion of the Drip Shield

tested disc and U-bend type specimens over a range of temperatures from 95°C to 250°C. Also,
for the specimens tested at 250°C, in addition to the so-called simulated concentrated
groundwater, other test solution anions were replaced with either chloride or fluoride ions. In a
number of environment/temperature/pH conditions, the authors found a deleterious effect of
fluoride ion on general corrosion rates and under some conditions on pitting resistance.

More recently, Pulvirenti et al. (2003 [DIRS 162574]) further studied the effects of
chloride:fluoride ratio, nitrate and sulfate on the deleterious effect of fluoride. It was reported
that the most severe local attack on Ti Grade 7 occurred at approximately 120°C and at neutral
pH in presence of fluoride with an excess of chloride. While the 30-day immersion test in
near-neutral environments at 110°C showed no significant corrosion at chloride:fluoride ratios
up to 1.13:1, the electrochemical studies detected a narrowing of the passive region at much
lower chloride:fluoride ratio (1:1 by mole). The most severe corrosion occurred at the pH
around neutral. Sulfate slowed, but did not inhibit localized corrosion of Ti Grade 7, while
addition of nitrate acted effectively in inhibiting localized corrosion of Ti Grade 7. The increase
in chloride:fluoride ratio slightly increased the Ec. but significantly decreased the Erepass. The
passive region disappeared when the chloride:fluoride ratio reached about 1.1:1 where the
short-term immersion tests failed to detect the effect of chloride:fluoride ratio.

To summarize the deleterious effects of fluoride on corrosion resistance of unprefilmed
Ti Grade 7 reported by Pulvirenti et al. (2002 [DIRS 159841]; 2003 [DIRS 162574]) and
Brossia et al. (2001 [DIRS 159836]), obviously enhanced corrosion of Ti Grade 7 was only
observed in:

e Simple solutions containing only NaCl and NaF (Brossia and Cragnolino 2000
[DIRS 162445]; Brossia et al. 2001 [DIRS 159836])

e Near-dryout groundwater with the pH adjusted to below 4 (Pulvirenti et al. 2002
[DIRS 159841])

e Groundwater doped with chloride or fluoride without increasing the concentration of
other species contained in the groundwater (Pulvirenti et al. 2002 [DIRS 159841])

e Concentrated groundwater with fluoride-only (i.e., replacing all other anions with F’)
(Pulvirenti et al. 2002 [DIRS 159841])

e When electrochemical polarization method was used (Pulvirenti et al. 2003
[DIRS 162574]), and the test specimens were freshly polished prior to the test.

Furthermore:

e Doping halides in groundwater without increasing the concentration of other species also
resulted in extensive pitting (Pulvirenti et al. 2002 [DIRS 159841]).
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On the other hand:

e In 105°C unmodified near-dryout groundwater (48,000 ppm chloride and 14,400 ppm
fluoride) with pHs adjusted to near neutral, corrosion of Ti Grade 7 was negligible
(Pulvirenti et al. 2002 [DIRS 159841])

¢ In unmodified concentrated groundwater (6,123 ppm chloride and 3,097 ppm fluoride),
the weight changes of Ti Grade 7 were negligible (although the authors reported the
observation of micro-pits on the posttest specimens).

6.5.7.2 Summary of Studies Using Air Prefilmed Specimens

As described earlier, the importance of the condition of the passive film in resisting corrosion in
neutral fluoride-containing solutions is demonstrated by Brossia et al. (2001 [DIRS 159836]) and
Lorenzo de Mele and Cortizo (2000 [DIRS 159833]). They found that if the F* was added
shortly after electrode immersion while the oxide film was still growing and, hence, defective,
then the corrosion potential fell rapidly (indicating attack of the oxide). However, if the oxide
was allowed to grow for four days, a sufficient period for the growth of a coherent oxide with a
low defect concentration, then the subsequent addition of this concentration of F~ had no
observable effect over the subsequent two days of exposure.

Consistent with the observations on the corrosion resistance benefits from the formation of a
stable passive prefilm, excellent corrosion behavior has been observed on both uncreviced and
creviced Ti Grades 16 and 7 specimens tested in the LTCTF as described previously. These
LTCTF specimens were preexposed for several months to ambient air after polishing at the
specimen fabricator shop and before placement in the corrosion tanks. No deleterious effects of
fluoride on corrosion resistance of these titanium alloys were observed in any of these tests,
including tests in the so-called SCW environment (~1,000% ionic concentration of J-13 well
water with ~1,619 mg/L F, 5,047 mg/L CI', 5,482 mg/L NOs’, 13,209 mg/L SO,*, and 27 to
49 mg/L Si at a pH of ~8 to 10).

Further insight into the role of a stable, low defect density passive film on titanium alloys can be
obtained from studies of titanium and its alloys associated with dental implant applications in
solutions containing fluoride (Nakagawa et al. 2001 [DIRS 159832]; Lorenzo de Mele and
Cortizo 2000 [DIRS 159833]) because dental gels and rinses can contain between 1,000 and
10,000 pug/g (ppm) of fluoride with the pH between 3.5 and neutral. While a more acidic
condition is required to induce the passive-to-active transition on Ti Grade 7 (pH < 3.7 compared
to 4.2 for Ti Grade 2), destruction of passivity can still be achieved for [F] > 500 ppm.
However, the corrosion potential recovers, after its initial drop to the active region, over a period
of ~10 minutes to a value of ~ -400mV, suggesting a partial reestablishment of passive
conditions. Based on these studies, Nakagawa et al. (1999 [DIRS 159828]) developed the
following linear relationship for the boundary between passive and active conditions:

pH=1.491og[F " ](in ppm)+0.422 (Eq. 36)

According to this relationship, an active corrosion condition will not be achieved in groundwater
with a neutral pH, unless the F" concentration reaches approximately 20,000 ppm. The predicted
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fluoride concentration in waters from dust deliquescence and in seepage waters is dependent on
the brine type predicted to form (BSC 2004 [DIRS 169860], Figures 6.13-15 and 6.13-27). In a
calcium chloride-type brine, fluoride concentrations are predicted to be nominally 3 x 10 to
10° mol/kg with pH range of 3.5 to 6.5. The fluoride concentration is low due to its solubility
control by insoluble CaF,. In a sulfate-type brine, fluoride concentrations are predicted to be
below 6 x 10~ mol/kg with pH range 6.5 to 8. In a carbonate-type brine, fluoride concentrations
are predicted to be between 102 and 1 mol/kg with pH range of 8.5 to 10. The fluoride
concentrations are predicted to be highest in the carbonate type brine, which requires the highest
fluoride concentrations in order to induce active corrosion. For the predicted repository pH and
fluoride levels, the pH levels are well above those that would induce active corrosion according
to Equation 36.

6.5.7.3 Effect of Ions other than Chloride and Fluoride

In addition to the described benefit of forming a stable, low-defect density passive film on
titanium before immersion in fluoride-containing brines, there can be a beneficial effect from
other ions in the brine solution. One attempt to evaluate this effect was the measurements of
Brossia et al. (2001 [DIRS 159836]) in 1 mol/L NaCl at 95°C under electrochemical conditions.
These measurements showed a major increase in “passive” current densities for F~ concentrations
> ~ 10 mg/L. Because these measurements were performed on freshly polished specimens the
currents measured almost certainly reflect partially active conditions, because coherent, defect-
free oxides would not have grown before polarization. These authors found that the presence of
other anions, (NO;5’, SO42', CI’) exerted no influence on the current densities. This would not be
surprising under active conditions since F~ is far superior in its ability to complex dissolved
titanium (TiFe>, TiFs") than the other anions. However, under passive conditions passivity is
maintained even in the presence of F* when much larger concentrations of other anions are
present. This is true because the mechanism for film breakdown in F~ solutions is the same as
that for chloride and the anions compete for absorption on defect sites on the passive surface of
titanium (see above). Thus, it is not surprising to find the absence of a measurable influence of
F on the corrosion rates of titanium alloys in the LTCTF SCW tests containing ~1,619 mg/L F,
5,047 mg/L CI', 5,482 mg/L NOs’, 13,209 mg/L SO42', and 27 to 49 mg/L Si.

The influence of environmental factors, such as the concentration of Cl” and the availability of
silicate, in suppressing titanium corrosion in the presence of F’, has been demonstrated for flue
gas scrubber applications (Schutz and Grauman 1986 [DIRS 151165]). The environments tested
were much hotter and more concentrated than those used in testing for dental applications, and
hence more representative of repository conditions. Ca and MgCl, concentrations were between
0.1 and 12.7% (i.e., CI concentrations up to 15,700 ug/g and with SO4* concentrations in the
range 9,000 to 26,000 pg/g), while the temperature was up to 177°C, and the pH down to ~1,
with F~ in the range 0 to 12,000 ng/g.

The influence of F~ was much more muted than in dental applications. As generally observed,
the passivity of Ti Grade 2 was lost for pH < 3 when F was present. For Ti Grade 12, this
threshold for the loss of passivity was < 1.5. An interesting synergism was observed between CI’
and F". The influence of fluoride decreases as the concentration of chloride increased. This was
attributed to the common ion effect with Ca®* leading to the precipitation of CaF,. The presence
of fly ash eliminated any influence of the F~ ion, an effect attributed to the introduction of Fe’*, a
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known inhibitor of titanium corrosion, and to the presence of SiO,, which would complex F,
thereby reducing its free concentration. At low F° concentration (100 pg/g), Schutz and
Grauman (1986 [DIRS 151165]) found no influence of F* on electrochemically-determined
repassivation potentials for Ti Grades 2, 12, and 7 at 82°C for the pH values as low as 1.5.
Values remained greater than 7 V. Crevice corrosion tests showed no susceptibility except at
177°C, and for Ti Grade 7 passivity was maintained even at this temperature.

These results clearly suggest that environmental factors are very important in controlling
titanium corrosion even at high temperatures and in very saline environments. The high salinity
and the presence of silica in the Yucca Mountain environment will suppress the influence of F°
on titanium corrosion in a similar manner to that observed in flue gas scrubber liquors. When
high Ca*" concentrations are present soluble F~ concentrations should be reduced to the 0.2 to
0.3 mg/L level.

One further repository feature that increases the corrosion resistance of the drip shield to fluoride
is the initial period of ventilation. During this period the drip shield is subjected to a long period
of thermal oxidation prior to aqueous exposure that will result in an increase in thickness and
improvement in passive film properties. This will lead to a significant decrease in susceptibility
to fluoride induced film breakdown and an independence of the passive corrosion rate on F
concentration.

Based on the above discussion, it is not surprising that no influence of F~ is observed on the
passive corrosion rate of titanium specimens in the LTCTF tests. The concentration of F in
these tests is either relegated to a low value by precipitation in a high-calcium environment, or,
even when present in substantial amounts (1,619 mg/L in SCW), displaced as an absorbed
species from the passive surface by the much higher concentration of the other anions present.
Additionally, the presence on the specimens of an air-formed film with a low defect
concentration formed prior to immersion in the test would both eliminate the possibility of
fluoride-induced passivity loss and maintain very low passive corrosion rates.

6.5.8 Influence of Calcium Chloride on General Corrosion of Ti Grade 7

There is potential for the development of environments containing high concentrations of
calcium chloride ions (BSC 2001 [DIRS 155950], Section 7.3.1). As a result, effects of highly
concentrated calcium chloride solutions on the Ti Grade 7 passive film behavior are evaluated in
this report. The effect of high concentration of CaCl, on localized corrosion as well as general
corrosion will be evaluated in greater detail in Section 6.6.5. This section evaluates the influence
of CaCl, on general corrosion of Ti Grade 7 based on literature data accepted as established fact.

Table 18 shows the general corrosion rates of Ti Grade 7 in environments containing Ca’", Fe*',
and Mg”" at elevated temperatures. This data, which was obtained by other investigators, shows
that the general corrosion rate of Ti Grade 7 in the presence of CaCl, or MgCl, is virtually
negligible.

It can be reasonably concluded that, under repository exposure conditions, Ca*"/Mg”" would not
accelerate the general corrosion of titanium alloys (especially Ti Grade 7), even at high
concentrations.
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Table 18. General Corrosion Rates of Ti Grade 7 in Selected Test Media Containing High
Concentrations of Chlorides of Ca?*, Mg?* and Fe®" lons at Elevated Temperature

Test Medium Temperature Corrosion Rate, mm/yr
62% CaCly 150°C nil
10% and 30% FeCls | Boiling nil
Saturated MgCl, Boiling nil

Source: Schutz and Thomas 1987 [DIRS 112147], pp. 705 and 706.
6.6 MODELING LOCALIZED CORROSION
6.6.1 Threshold Potential for Ti Grade 7

In the localized corrosion model for the Ti Grade 7 drip shield, localized attack occurs if the
open circuit corrosion potential (E.,) exceeds or is equal to the threshold potential for
breakdown of the passive film (E.iicar) (Assumption 5.6):

E _>E
corr critical (Eq 37)

The “threshold potential” is below the potential at which localized corrosion will not initiate and
beyond which the passive film breakdown occurs. This potential is called by many different
names, such as E, (pitting potential in case of pitting), Ec,evice (crevice potential in case of crevice
corrosion) or Ej (passive film breakdown potential in general). When actually measuring this
critical potential from an experimentally obtained polarization curve, it is the investigator’s
preference to use the potential at which the current density reaches 10 pA/cm® or 20 pA/cm®
(denoted as E;y or Ey, respectively) or simply the potential at which the current density suddenly
increases.

When the cyclic polarization technique is used, the potential at which the reverse scan crosses
the passive region defined by the forward scan in a cyclic polarization test is another important
parameter in localized corrosion study. In the literature, this potential is also called the
repassivation potential (E,ess) Or protection potential (E,.;) (Jones 1996 [DIRS 105076],
Chapter 7). Corresponding to E, or E evice, there is E,, or E,..,, representing the repassivation
potential for pitting and for crevice corrosion, respectively. Similar to measuring E, and E . evice,
E,, or E,.ey can be measured as E,;9 or E,2 (i.e., the potentials where the reverse scan current
density reaches 10 or 20 pA/cm?®). The repassivation potential (or protection potential) does not
indicate the initiation of localized corrosion, but does indicate the repassivation capability of the
passive film after the passive film is damaged. Above the repassivation potential and below Ej
(or Ep, Ecrevices E20, 01 Ej9), no new localized corrosion will initiate but already initiated pitting
(or crevice corrosion) will continue to propagate. Below this potential, no new pits will initiate
and already initiated localized corrosion will not propagate (Jones 1996 [DIRS 105076]).

Differences of opinion exist as to the criteria for choosing these threshold potentials and the
understanding of the relationships between the threshold potentials and localized initiation.
Gruss et al. (1998 [DIRS 100893) used the repassivation potential as the conservative estimate of
windows of susceptibility to localized corrosion. Kehler et al. (2001 [DIRS 162231]) suggested
that the repassivation potential might represent a lower bound of critical potentials and the
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passive film breakdown potential might represent an upper bound. Methods for experimentally
determining these threshold potentials also differ. For instance, Scully et al. (1999
[DIRS 110246]) define the threshold potential for crevice corrosion of Alloy 22 as the point
during the scan of electrochemical potential in the forward direction where the current density
increases to a level of 10 to 10° A cm™. Gruss et al. (1998 [DIRS 100893], Table 2) define the
repassivation potential as the point where the current density drops to 10° to 107 A cm™
Depending on the corrosion resistance of the materials, choosing the potentials at which the
forward or reverse scan current density reaches 1, 10, or 20 pA/cm? is possible. For instance,
repassivation potentials 1, 2, and 3 in Table 19 and Table 20 were, thus, obtained per various
criteria.

In this report, the threshold potential is defined as the potential where the current density in a
cyclic polarization forward scan significantly increases, rather than the potential at which any
specific value of the current density is reached. This potential is denoted as “E .’ in
discussions of Section 6.6.2 and “Potential 1” in Figure 14 through Figure 18, respectively. The
term “Potential 1” is used in order to be consistent with the terminology used in the source data
(DTN: LLO010105512251.011 [DIRS 155623]). Based on the discussions earlier in this section,
although Table 19 and Table 20 list the values of these parameters, the concept of repassivation
potential is not used in this report. The reasons that the passive film breakdown potential, rather
than the repassivation potential, is chosen as the threshold potential for localized corrosion are
twofold. First, the repassivation potentials were not always obtained in the cyclic polarization
tests performed on titanium alloys. Secondly, when localized corrosion does not occur (i.e., no
passive film breakdown) at the potentials as high as several volts, discussion of the repassivation
potential does not make physical sense. Without passive film breakdown, discussion of passive
film breakdown potential also does not make physical sense. However, because the localized
corrosion of the drip shield material is modeled based on the AE criterion, choosing the potential
difference between the open-circuit potential and the potential at which the current density starts
to increase rapidly is an appropriate approach.

6.6.2 Cyclic Polarization in Synthetic Concentrated J-13 Well Waters

The YMP has used the cyclic polarization method to determine the threshold potentials for
titanium alloys in various test media relevant to the environments expected in the repository.
Relevant test environments include SDW, SCW, and SAW at 30°C, 60°C, and 90°C, as well as
SSW at 100°C and 120°C. The chemical compositions of these test media (SDW, SCW, SAW,
SSW and BSW-12) are detailed in Table 7.

The cyclic polarization measurements have been based on ASTM G 5-94 [DIRS 117479]. The
specimen holding time was short (<24 h) and always the same for all the tests. Representative
cyclic polarization curves (DTN: LLO010105512251.011 [DIRS 155623], S01009 001) are
shown in Figure 14 through Figure 18. The cyclic polarization data for Ti Grade 7 in repository-
relevant conditions are summarized in Table 19 and Table 20 (DTN: LL010105512251.011
[DIRS 1556231, S01009 _004).

In general, complete passivity (no passive film breakdown) is shown by these curves between the

corrosion potential and the point defined as the “threshold potential” (Threshold Potential 1 in
Figure 14 through Figure 18), which is in the potential range where oxygen evolution occurs as
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indicated by a large excursion in anodic current. Threshold Potential 1 (i.e., the potential at
which the forward scan current density suddenly increases) is defined as the threshold potential
for localized corrosion, E.iicq, as used in this report. The repassivation potentials 1, 2, and 3
listed in Table 19 and Table 20 are not indicated in Figure 14 through Figure 18 because they are
not used in this analysis. The potential difference between E.,, and E_i;cq 1S the criterion widely
used for localized corrosion initiation.

Other standards such as ASTM G 3-89 [DIRS 138911] and ASTM G 61-86 [DIRS 127897] are
also relevant. Deviations from the standard procedures were noted. For example, the procedure
calls for sulfuric acid, whereas simulated Yucca Mountain waters are used in YMP tests. Also,
unlike it is stated in the standard procedure, the electrolytes used here were fully aerated.
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Source: DTN: LL010105512251.011 [DIRS 155623] S01009_001.
Figure 14. Ti Grade 7 in SSW at 120°C (NEAO31s)
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Figure 16. Ti Grade 7 in SCW at 90°C (NEA029)
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Figure 18. Ti Grade 7 in SCW at 30°C (NEAOO3)
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Table 19. Summary of Cyclic Polarization Data for Ti Grade 7 in Repository-Relevant Conditions (SDW and SCW)

Corrosion Threshold Passive Repassivation Repassivation Repassivation

Temp. Potential Potential 1 Current Potential 1 Potential 2 Potential 3

Sample ID | Electrolyte | (°C) (mV) (mV) (amps) (mV) (mV) (mV)

NEAO002 SDW 30 -145 1,070 8.71E-07 no breakdown no breakdown no breakdown
NEA020 SDW 60 -212 947 1.07E-06 no breakdown no breakdown no breakdown
NEA033 SDW 90 -305 808 1.05E-08 no breakdown no breakdown no breakdown
NEAOQO1 SDW 30 -99 1,000 1.15E-06 no breakdown no breakdown no breakdown
NEA034 SDW 90 -305 752 1.32E-07 no breakdown no breakdown no breakdown
NEAO11 SDW 30 -125 1,030 9.33E-07 no breakdown no breakdown no breakdown
NEA022 SDW 60 -114 912 1.95E-06 no breakdown no breakdown no breakdown
NEA023 SDW 60 -214 874 1.07E-06 no breakdown no breakdown no breakdown
NEA005 SCW 30 -37 958 3.89E-06 no breakdown no breakdown no breakdown
NEAO17 SCW 60 -331 880 5.25E-06 no breakdown no breakdown no breakdown

NEAO028 SCW 90 -480 849 1.29E-05 762 798 breakdown
NEA004 SCW 30 -187 968 2.63E-06 no breakdown no breakdown no breakdown
NEAO18 SCW 60 -364 796 6.17E-06 no breakdown no breakdown no breakdown

NEA029 SCW 90 -506 654 2.95E-05 752 782 breakdown
NEAOO3 SCW 30 -233 1,020 1.91E-06 no breakdown no breakdown no breakdown
NEA019 SCW 60 -351 849 5.50E-06 no breakdown no breakdown no breakdown

NEAO030 SCW 90 -516 772 1.32E-06 798 808 breakdown

Source: DTN: LL010105512251.011 [DIRS 155623] S01009_004.
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Table 20. Summary of Cyclic Polarization Data for Ti Grade 7 in Repository-Relevant Conditions (SAW and SSW)

Corrosion Threshold Passive
Temp. | Potential Potential 1 Current Repassivation Repassivation Repassivation
Sample ID | Electrolyte (°C) (mV) (mV) (amps) Potential 1 (mV) Potential 2 (mV) Potential 3 (mV)

NEA010 SAW 30 -153 1450 2.40E-06 no breakdown no breakdown no breakdown
NEA012 SAW 30 -187 1430 1.48E-06 no breakdown no breakdown no breakdown
NEAO13 SAW 60 -99 1390 1.86E-06 no breakdown no breakdown no breakdown
NEAO024 SAW 90 -187 1300 1.55E-06 no breakdown no breakdown no breakdown
NEA009 SAW 30 -284 1420 2.69E-06 no breakdown no breakdown no breakdown
NEA014 SAW 60 -125 1420 1.86E-06 no breakdown no breakdown no breakdown
NEAO025 SAW 90 -187 1340 1.91E-06 no breakdown no breakdown no breakdown
NEAO0O07 SAW 30 -176 1440 1.35E-06 no breakdown no breakdown no breakdown
NEA008 SAW 30 -145 1230 1.62E-06 no breakdown no breakdown no breakdown
NEAO026 SAW 90 -176 1330 1.95E-06 no breakdown no breakdown no breakdown
NEAO032 SSw 100 -211 921 3.24E-06 no breakdown no breakdown no breakdown
NEAO031 SSw 120 -336 813 1.55E-06 no breakdown no breakdown no breakdown
Source: DTN: LL010105512251.011 [DIRS 155623] S01009_004.

NOTE:

Ul means that the data was uninterpretable; AP means that the cyclic polarization curve had an active-passive transition. All potentials were
measured with a Ag/AgCl reference electrode. Subtract 197 mV from measured values to convert to the normal hydrogen electrode potential

scale.
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6.6.3 Correlation of Potential Versus Temperature and Composition for Various Test
Media

6.6.3.1 Ciritical Potential Versus Temperature and Composition Model

Whether passive film breakdown is observed in the cyclic polarization tests does not necessarily
indicate whether localized corrosion will occur under repository conditions. The susceptibility
of the material to localized corrosion is represented by Equation 37, rather than based on whether
passive film breakdown actually occurs.

The values for corrosion and threshold potentials given in Table 19 and Table 20 are used to fit
the difference (AE) between critical potential for localized corrosion initiation, Ei;cq, and
corrosion potential, E.,., as a function of absolute temperature, 7, solution, pH, and the chloride
ion concentration:

AE =d,+d,-T+d, log(Cl” )+d, - pH +¢ (Eq. 38)

where d,, d;, d,, and d; are constants determined from fitting Equation 38 by using the collected
potential difference data in Table 19 and Table 20. Localized corrosion can initiate when E.,,,
exceeds or is equal to E.icq. This is equivalent to the condition that AE is less than zero. The
calculation is documented in detail in Appendix A. The model error term (&) represents data
variance not explained by the fitting procedure and has a normal distribution with a mean of zero
and variance of 10,500. Based on the data in Table 19 and Table 20, the median values of these
parameters are: d, = 2050, d; = -1.17, d, = 14.1, and d; = -48.9, respectively. The covariance
matrix resulting from the fitting procedure was determined to be:

56100 —165 1150  66.1
—-165 0506 —-436 -—1.07
1150 —4.36 535 116 (Eq. 39)
66.1 —1.07 116 56.1

Figure 19 and Figure 20 are plots of AE vs pH using Equations 38 and 39. Figure 19 shows the
effect of pH and temperature under a constant chloride concentration (3 mol/L CI') and Figure 20
shows the effect of pH and chloride concentration under a constant temperature of 380 K.
Together, the figures show that AE is significantly greater than zero over all ranges of pH,
chloride concentration, and temperature. They also show that the median AE increases slightly
with increasing chloride concentration and temperature but significantly decreases with
increasing pH. Nevertheless, a gap between the corrosion potential and the threshold potential of
several hundred millivolts is maintained even at very high pH. Also, a gap on the order of
several hundred millivolts is maintained even at the -46-confidence level of the Table 19 and
Table 20 data. Truncation at the + 46-confidence level yields appropriate bounding values for
use with this model because 99.994% of the model variance is accounted for by the choice of
these bounds (i.e., the probability of sampling values outside these bounds is less than 1 in
10,000). Localized corrosion of Ti Grade 7 would not initiate in a repository-relevant
environment even at pH values as high as 14 using these bounds.
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Figure 20. The Median AE and -4c Confidence Interval Surface versus pH and base 10 Logarithm of
Chloride lon Concentration for Ti Grade 7 Using an Absolute Temperature of 400 K

There is, however, some uncertainty associated with the extrapolation of the model beyond the
compositional bounds of the SDW, SCW, SAW, and SSW (Table 7) used in the electropotential
measurements in the development of the model (i.e., pH values from 2.7 to 8.1 and chloride
concentration from 67 to 1.284 x 10° mg/L). However, other investigators have noted that the
increase in corrosion of titanium alloys in very aggressive brine solutions (pH as low as 1 and as
high as 14; chloride concentration on the order of 30% in solution) is marginal (Smailos and
Koster 1987 [DIRS 159774]; Smailos et al. 1990 [DIRS 154820], Mattsson and Olefjord 1990
[DIRS 111885]; Kim and Oriani 1987 [DIRS 110236]). Nevertheless, the appropriateness of the
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localized corrosion models developed from data using relatively less aggressive environments
has been questioned. To address this, short-term cyclic polarization measurements using highly
concentrated CaCl, solution have been conducted as discussed in Section 6.6.5.1.

6.6.4 Crevice Corrosion

Because pitting has not been observed in the Project’s laboratory experiments and crevice
corrosion initiates at lower temperature and potential than pitting, only crevice corrosion is
considered in this model. In other words, when E... > Eginca, Crevice corrosion initiates.
Crevice corrosion is characterized by the breakdown of passive film inside the creviced area
where the corrosion is locally accelerated. Before the passive film is broken down inside the
creviced area, the corrosion rate inside could also be slightly higher than the exterior areas due to
deoxygenation and acidification.

Due to the outstanding corrosion resistance of Ti Grade 7 (and Ti Grade 16), relatively little data
exists for crevice corrosion under plausible exposure conditions. Hua et al. (2002
[DIRS 160670]) performed tests for crevice corrosion of Ti Grade 7 in Basic Saturated Water
(BSW-12, 50,000 times more concentrated than J-13 well water by evaporation) (Table 7,
DTN: LL040803112251.117 [DIRS 171362]) for up to eight weeks at temperatures from 60°C
to 105°C. Although the Ti Grade 7 specimens became discolored underneath the crevice formers
after the test, no crevice corrosion was observed. Also, the preexisting surface imperfections,
possibly due to material processing, remained after four and eight weeks of exposure (Hua and
Gordon 2003 [DIRS 163111]). The authors concluded that the observed weight losses were due
to general corrosion only (Hua et al. 2002 [DIRS 160670]). In LTCTF tests, Ti Grade 16 crevice
specimens were immersed in SSW, SAW, SCW, and SDW at 60°C and 90°C (in SSW also at
120°C) for one year and in SAW, SCW, and SDW at 60°C and 90°C for five years. No crevice
corrosion attack was reported.

The crevice corrosion penetration rate of Ti Grades 7 or 16 specimens in YMP-related
environments was not measured because crevice corrosion was not observed. Both the “weight-
loss specimens” and “crevice specimens” were tested in the same environments (SDW, SCW,
and SAW at 60°C and 90°C, and SSW at 120°C). As shown in Figure 10 and Figure 11, the
corrosion rates of Ti Grade 16 in SDW, SCW, and SAW at 60°C and 90°C are between
approximately —200 and +200 nm/yr for weight-loss specimens and between approximately —320
and +320 nm/yr for crevice specimens, the negative values being a consequence of incomplete
posttest specimen cleaning (Section 6.5.3). As indicated in Section 6.5.3, the greater scatter in
the corrosion rate of crevice specimen distribution indicates more variability of corrosion related
to the crevice. Corrosion inside the crevice could be more severe due to differential aeration or
minor pH changes within the crevice, or both. However, crevice corrosion was not observed on
the posttest specimens in LTCTF. Therefore, the different corrosion rates obtained from the
weight-loss and crevice specimens are not indicative of crevice corrosion, but could be due to
enhanced general corrosion inside the crevice at very early stage of immersion (e.g., one year),
which decreases to an insignificant level in five years or less (Figure 22 and Figure 23), a
negligible span of time compared to the 10,000-year regulatory period. It is also possible that a
different surface finish treatment used for the crevice and weight-loss specimens may have led to
different corrosion rates between the two types of specimens.
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The hydrolysis of dissolved metal in crevices can lead to the accumulation of H™ and the
corresponding suppression of pH. For example, a pH < 2 has been observed in crevices made of
stainless steel, as discussed by Sedriks (1996 [DIRS 105113]). In the case of titanium-based
alloys, such low pH values can lead to hydrogen-induced cracking (Ikeda et al. 1994
[DIRS 145955]; Shoesmith et al. 1995 [DIRS 117892]; BSC 2004 [DIRS 169847]). Titanium
and its alloys are usually passive over a broad range of pH and electrochemical potential, as
illustrated by Pourbaix (1974 [DIRS 100817], pp. 213 to 222). Indeed, passivity can be lost
under extreme general or local conditions. For example, the potential-pH diagram that accounts
for the formation of both hydrated TiO, and Ti(OH); shows a region of active dissolution over a
broad range of electrochemical potentials at low pH. The theoretical domains of corrosion,
immunity, and passivation at 25°C show regions of active dissolution below pH 2. Within the
thermodynamic limits of water, titanium is expected to dissolve as either Ti’™ or TiO™".
Oxyanions such as HTiO5", TiO4*, and HTiO, may form, but require very alkaline conditions.

These thermodynamically predicted possibilities, however, have not always been observed in
laboratories. The crevice-corrosion resistance of titanium alloys has been extensively tested
(Schutz and Thomas 1987 [DIRS 112147], p. 682). Crevice corrosion of titanium alloys will
generally not occur below 70°C (160°F) regardless of pH or chloride concentration and will not
occur at pHs higher than 10 regardless of temperature (Schutz and Thomas 1987 [DIRS 112147],
p. 682). Ti Grade 12 (a titanium alloy less corrosion-resistant than Ti Grades 7 and 16) provides
crevice corrosion resistance when brine pH falls between 3 and 11 at temperatures as high as
300°C (570°F) (Schutz and Thomas 1987 [DIRS 112147], Table 21 and pp. 682 and 687).
Ti Grade 7 extends this crevice corrosion resistance to brine pH as low as 0.6 to 0.7 (Schutz and
Thomas 1987 [DIRS 112147], p. 682). No crevice attack was observed for a Ti-0.2% Pd alloy
with both the metal-Teflon and metal-metal crevices with both the polished or as-received
surfaces in 90°C deaerated brine for 582 days and in 170°C brine for 286 days (Gdowski 1997
[DIRS 102789], Table 15.1). Satoh et al. (1987 [DIRS 151157]) found no sign of crevice
corrosion on Ti Grade 7 in boiling 42% MgCl, after 10 days.

The critical crevice-corrosion temperature (defined as the temperature above which crevice
corrosion can occur) is determined experimentally as the temperature at which the corrosion
potential and threshold potential become equal. This critical temperature was not observed in the
LLNL cyclic polarization tests at temperatures up to 120°C as discussed in Section 6.6.2. This
further confirms that the slightly higher corrosion rates obtained from the crevice specimens than
those from weight-loss specimens in the 1-year tests are not due to the occurrence of crevice
corrosion but the slightly enhanced corrosion due to the slightly more aggressive environment
inside the crevices. Due to the excellent corrosion resistance of titanium alloys, the enhanced
corrosion did not lead to the breakdown of passive film because no evidence of crevice corrosion
was observed on the posttest specimens even after a 5-year exposure in repository environments
(Section 7.5).

6.6.5 Influence of Calcium Chloride on Localized Corrosion of Ti Grade 7

The potential for the development of environments containing high concentrations of calcium
chloride ions has been proposed (BSC 2001 [DIRS 155950], Section 7.3.1). As a result, effects
of highly concentrated calcium chloride solutions on the Ti Grade 7 passive film behavior are
evaluated in this report.
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6.6.5.1 Effects of Calcium Cations on Passive Film Properties

Angle-resolved x-ray photoelectron spectroscopy (XPS) has clearly shown that the oxide film is
composed of an inner barrier layer, which acts as the primary passive oxide, and an outer more
porous hydrated layer (Pan et al. 1994 [DIRS 159795]). As discussed by Macdonald (1999
[DIRS 154721]), the growth of such films is achieved by the transport of anion vacancies,
produced at the metal barrier layer interface and consumed at the barrier layer—porous layer
interface, and cation vacancies formed at the barrier layer—porous layer interface and consumed
at the metal-barrier layer interface. For a given potential (applied either electrochemically or, as
the corrosion potential, by a solution soluble oxidant), the barrier layer eventually achieves a
constant thickness. Further growth of the overall oxide film then involves the thickening of the
outer porous layer. In effect, the barrier layer maintains its steady-state thickness and passive
properties by growth at the metal-barrier layer interface balanced by conversion to the outer
porous layer at the barrier layer—porous layer interface.

According to Macdonald (1999 [DIRS 154721]), anionic entities were shown to be the most
mobile leading to growth predominantly at the metal-barrier layer interface. Growth at this
interface would be expected to generate a purer oxide and it is, therefore, not surprising that
anodically grown films on titanium incorporate few impurities into the barrier layer
(Pan et al. 1994 [DIRS 159795]). A second pertinent conclusion based on this understanding is
that breakdown of the barrier layer leading to localized corrosion of titanium will involve anion
transport processes. This interpretation is consistent with the general observation that anions
such as CI', F', and Br’ (to a lesser degree) lead to the initiation of localized corrosion on passive
metals and alloys (MacDonald 1999 [DIRS 154721]).

Based on the above investigations, the incorporation of Ca®* in the inner barrier layer leading to
film breakdown and the initiation of localized corrosion is not expected. Thus, any incorporation
of Ca®" (or the similarly behaving cation, Mg®") under general passive corrosion conditions is
confined to the outer porous hydrated layer. Such a process of cation incorporation will not lead
to an increase in corrosion rate, and, if precipitated with insoluble anions (such as silicate), could
lead to a decrease in corrosion rate by the sealing of the pores in the outer hydrated layer. If
cations such as Ca*" or Mg”" are to accelerate passive corrosion, then it is likely via its ability to
hydrolyze that the pH is reduced. If the pH decrease is large enough, then either the barrier—
porous layer conversion could be accelerated or local defects in the oxide could be activated
leading to local film breakdown and the initiation of localized corrosion.

Considerable evidence exists to show Ca®" and Mg”" cations are incorporated into the outer
porous layer of the oxide films present on titanium and its alloys. These studies range from those
primarily interested in the performance of titanium as a body-implant material (Pan et al. 1994
[DIRS 159795]) to those in which titanium was tested for its durability under nuclear waste
disposal conditions (Molecke et al. 1982 [DIRS 161678]; Smailos and Koster 1987
[DIRS 159774)).

For such an incorporation process to proceed, film growth must be maintained. The thicker
oxide films observed in the presence of gamma radiation compared to those in its absence in the
same environment can also be attributed to the maintenance of film growth by H,O,, produced
radiolytically (Smailos and Koster 1987 [DIRS 159774]; Shoesmith and King 1998
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[DIRS 112178]). These measurements were made on Ti Grade 7 in the extremely concentrated
German Q-brine in which Mg”" is by far the dominant cation (91,900 mg/L) (Smailos et al. 1990
[DIRS 154820]). In the absence of radiation, after one year of exposure at 150°C, the oxide
thickness was ~35 nm compared to ~60 nm at a dose rate of 10° Rad/hour. After ~1.5 years of
exposure at 10° Rad/hour (90°C) (Smailos and Koster 1987 [DIRS 159774]) the film thickness
was ~600 nm. The passive layer directly adjacent to the metal surface remained TiO,, while
considerable amounts of Mg®" accumulated in an overlayer (i.e., cation incorporation was
confined to the outer layers and did not threaten the integrity of the more important inner barrier
layer). A similar incorporation of Ca*” would have been expected if this cation had been present
in such large quantities.

It is concluded that the incorporation of Ca®" and Mg®" into the outer layers of the passive film is
a consequence of the corrosion process, not a stimulant for it. If it were a stimulant, in the
absence of the radiation field the corrosion rate would be low. This is clearly borne out by the
measured corrosion rates in the absence of radiation, which for Ti Grade 7 are in the range
< 100 nm/yr (after ~ 3.5 years of exposure) in Q-brine, and independent of temperature between
90°C to 200°C (Smailos and Koster 1987 [DIRS 159774]). Similarly, low corrosion rates for
Ti Grade 7 (~ 400 nm/yr in a brine containing 35,000 mg/L of Mg*" at 250°C) were obtained by
Molecke et al. (1982 [DIRS 161678]). The higher rate observed by Molecke et al. (1982
[DIRS 161678]) can be attributed to the temperature and shorter exposure period.

Studies on the aggressive corrosion conditions encountered in the pulp and paper industry
(Schutz and Xiao 1994 [DIRS 159798]) and in the highly saline environments encountered in
flue gas scrubbers (Thomas and Bomberger 1983 [DIRS 151181]) show that the presence of Ca*"
even in relatively small amounts can inhibit the corrosion of titanium significantly. Schutz and
Xiao (1994 [DIRS 159798]) show that Ca*" present in the 1 to 200 mg/L range suppresses the
corrosion rate in alkaline solutions containing 0.2 to 0.3 wt % H,O, from 65°C to 85°C. A
similar suppression of corrosion in these environments was observed by Wyllie et al. (1994
[DIRS 159799]) who concluded that this could be attributed to the incorporation of Ca’" into a
surface deposit. Unfortunately, these layers were not further characterized. In the case of the
gas scrubber environments, the beneficial influence of Ca®" was claimed to be its ability to
precipitate the potentially aggressive anion, F* (Thomas and Bomberger 1983 [DIRS 151181]), a
very advantageous feature under repository conditions. It is clear from this discussion that Ca®"
and Mg®" should not accelerate the corrosion of titanium alloys, especially Ti Grade 7, when
present in the exposure environment even at large concentrations.

6.6.5.2 Results on Corrosion of Ti Grade 7 in High Concentration of CaCl, and MgCl,

The fact that environments containing Ca®" and Mg>" do not result in localized corrosion is
clearly demonstrated in the LLNL cyclic polarization tests. Figure 21 shows an example of the
cyclic polarization curves obtained for Ti Grade 7 in environments containing high concentration
of calcium chloride (8 M CaCl,) at 100°C. The AE, defined as E. iicai - Ecorr n Figure 21, is as
high as > 3.0V, if E is chosen as the threshold potential, as normally observed for titanium
alloys. Under this severe condition (§ M CaCl, and 100°C), Ti Grade 7 exhibited a perfect
passive region (passive current density below about 2 to 3 pA/cm?) below about 1.5 V(sso).
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Figure 21. An Example Cyclic Polarization Curve of Ti Grade 7 in 8 M CaCl, Water at 100°C, Showing
Very Large AE (Ey - Ecor) and a Perfect Passive Region Below About 1.5 Vggc

Table 21 summarizes the results obtained at LLNL for Ti Grade 7 in environments containing
high concentration of CaCl, and MgCl,. In Table 21, E,,, is the free corroding potential after
I-hour exposure in the given electrolyte, £ is the potential in the forward scan of a cyclic
polarization curve where the current density first reaches 20 pA/cm?, and E»yy is the potential in
the forward scan of a cyclic polarization curve where the current density first reaches
200 pA/cm?.  Egjo is the potential in the reverse polarization where the current density first
reaches 10 pA/cm? and Ep; is the potential in the reverse polarization where the current density
first reaches 1 pA/cm?. The data was obtained in concentrated CaCl, solutions at 100°C and
150°C (DTN: LL030409412251.050 [DIRS 163647]) in environments as indicated. In general
(5 out of 6 tests), the AE values are greater than 2 V, suggesting a significant margin of safety.
The specimen NEA894 shows a AE value of 1.4 V, which is high enough to exclude the
possibility of localized corrosion.
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Table 21. Electrochemical Tests of Ti Grade 7 in Environments Containing Ca and Mg

Spefl:l)men Sgi?‘;::an, Environment (0-2) (IE;:;: (E,z\(;, E2gos(g')\/s (I,E."K;, (E\;}, éi -

Finish ssc) | ssc) SSC) | SSC) | Eeon
NEA891 | Disc, 600 | 8 M CaCl, 100 45 2,680 N/A NA | NA | 2725
NEA892 | Disc, 600 | 8 M CaCl, 100 | -219 3,220 | N/A(~6,000) | 3,260 | 986 | 3439
NEA893 | Disc, 600 | 8 M CaCl, 100 | -296 3,180 ~4,880 NA | NA | 3476
NEA894 | Disc, 600 | 9 M CaCl, 150 |  -176 1240 3,450 889 | 246 | 1416
NEA895 | Disc, 600 | 9 M CaCl, 150 | -205 2,180 3,630 1140 | 501 | 2,385
NEA896 | Disc, 600 g_g",\f"‘ci'(ZNJ'O?’)z 150 | -108 2,410 3,400 NA | NA | 2518

Source Data: DTN: LL030409412251.050 [DIRS 163647].
Output DTN: MO0408MWDGLCDS.002.

NOTE: Ecor is the free corroding potential after 1 h exposure in the given electrolyte; Exg is the potential in the forward
scan of a cyclic polarization curve where the current density first reaches 20 yA/cm?; Exq is the potential in the
forward scan of a cyclic polarization curve where the current density first reaches 200 yA/cm?; Erqo is the potential
in the reverse polarization where the current density first reaches 10 yA/cm? and Er1 is the potential in the reverse
polarization where the current density first reaches 1 pA/cm?2.

The effect of calcium chloride on general passive dissolution of Ti Grade 7 can also be evaluated
by comparing Figure 21 with Figure 14 through Figure 18 (Section 6.6.2). In Figure 21, the
passive current density of Ti Grade 7 in 8M CaCl, is about 1 to 2 pA/cm?, similar to those
observed on Ti Grade 7 in SSW at 120°C (Figure 14, Section 6.6.2), SAW at 90°C (Figure 15,
Section 6.6.2), SCW at 30°C (Figure 18, Section 6.6.2) and less greater than those observed on
Ti Grade 7 in SCW at 60°C and 90°C (Figure 16 and Figure 17, Section 6.6.2). Note that SDW,
SCW, and SAW contain 0.5, <1.0, and 1,000 ppm Ca2+, respectively. The similar passive
dissolution rates of Ti Grade 7 in Figure 21 and in Figure 14 through Figure 18 clearly indicate
that the influence of calcium chloride on the general passive corrosion rate of Ti Grade 7 is
insignificant.

For Ti Grade 7, a 2 uA/cm2 corrosion current density is equivalent, based on the Faraday's law,
to a corrosion rate of 24 pm/year or 2.4 x 10* nm/yr. This seemingly very high corrosion rate
(240 mm in 10,000 years), however, is not realistic. The cyclic polarization tests reflected in
Figure 21 and Table 21 were performed one hour after the specimens were immersed in the
environments. The passive current density values can only be used as a reference, rather than the
absolute value of corrosion rate.

6.7 OTHER FACTORS CONSIDERED IN MODELING DRIP SHIELD CORROSION
6.7.1 Gamma Radiolysis

Ambient-temperature cyclic polarization studies have been performed with Stainless Steel
Type 316L samples in 0.018 M NaCl solution during exposure to 3.3 Mrad h”' gamma radiation
(Glass et al. 1986 [DIRS 105021]). This investigator found that with gamma radiation the
corrosion current shifted in the anodic direction by approximately 200 mV, with very little
increase in the corresponding corrosion current density. However, the separation between the
corrosion potential and the threshold for localized attack decreased slightly. This shift in
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corrosion potential was shown to be due to the formation of hydrogen peroxide and was
subsequently confirmed by others (Kim 1999 [DIRS 110698]). In the work by Glass et al. (1986
[DIRS 105021]), ambient-temperature cyclic polarization of Stainless Steel Type 316L in acidic
(pH ~ 2) 1.5 M NaCl during exposure to 0.15 Mrad h”' gamma radiation showed a 100 mV
anodic shift in the corrosion potential with very little effect on the corrosion current. While the
E o shift for Ti Grade 7 will probably be somewhat different than that of Stainless Steel
Type 316L, it is doubtful that the shift will ever be sufficient for E,,, to exceed E iica, and
therefore will not lead to initiation of localized corrosion processes.

Smailos and Koster (1987 [DIRS 159774], Figure 8) observed that even when exposed to a
radiation field of 10° rad/hr (10° Gy/hr) in salt brines containing aggressive oxidants, the
corrosion rate of titanium—palladium alloy after 610 days exposure stabilized at a rate of less
than 1 nm/yr. The maximum radiation field for the drip shield is expected to be about 10° Gy/hr.
In the absence of the radiation field the corrosion rate stabilized at about 0.1 nm/yr.

Gamma irradiation exposure experiments in aggressive MgCl, brines showed, even at dose rates
above 1,000 rad/hr, only a minor enhancement of film growth rates on Ti Grade 7, and passivity
was not threatened (Shoesmith and King 1998 [DIRS 112178], p. 30). Based on this data it is
concluded that, even in aggressive MgCl, brines, the radiation levels in the repository will not be
high enough to result in an enhancement of corrosion processes on Ti Grade 7.

6.7.2 Microbially Influenced Corrosion

Corrosion handbooks and literature reviews generally state that titanium alloys are immune to
microbially influenced corrosion (Revie 2000 [DIRS 159370], Chapter 47; Little and Wagner
1996 [DIRS 131533]; Brossia et al. 2001 [DIRS 159836], Section 4.1.3). It is the remarkable
stability of the TiO, passive film formed on titanium alloys that confers this immunity. While
titanium is susceptible to biofouling in seawater solutions, the biofilm does not compromise the
integrity of the passive film and, therefore, biofouled titanium maintains its resistance to
localized corrosion processes (Revie 2000 [DIRS 159370], Chapter 47). It has been reported that
production of nitrates, polythionates, thiosulfates, and oxygen associated with aerobic biologic
activity does not significantly increase the corrosion rate of titanium alloys (Brossia et al. 2001
[DIRS 159836], Section 4.1.3).

Steep gradients in O, and pH can exist within biofilms; typically aerobic and near neutral in the
outer layers becoming acidic and low in O; close to the metal surface (Shoesmith and Ikeda 1997
[DIRS 151179], Section 6). Hydrogen peroxide has been detected in biofilms at millimolar
levels, the amount of which is thought to be controlled by bacteria enzymes during the aerobic
respiration process (Shoesmith and Ikeda 1997 [DIRS 151179]). Hydrogen peroxide maintains a
low pH (< 3) near the metal by oxidizing metal cations that then undergo hydrolysis. These
chemical changes can lead to ennoblement (a shift of the corrosion potential to more positive
values) of titanium by up to 500 mV (Shoesmith and Ikeda 1997 [DIRS 151179], Section 6). It
is clear from Figure 19 and Figure 20 that AE far exceeds 500 mV at low pH values
(i.e., localized corrosion will not initiate even if the corrosion potential is increased by 500 mV).
Ennoblement can also lead to several beneficial effects including thickening of the passive film
and a decrease in the number density of defects (Shoesmith and Ikeda 1997 [DIRS 151179],
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Section 3 and 6). According to Shoesmith et al. (1995 [DIRS 117892]), the initiation of crevice
corrosion under biofilms has never been observed for titanium.

Therefore, microbially influenced corrosion will have no significant effect on either general or
localized corrosion processes of titanium alloys under the repository exposure conditions.

6.7.3 Aging and Phase Stability

Ti Grade 7 is a stabilized alpha (o) phase alloy and possesses outstanding phase stability. While
Ti Grade 7 contains small amounts of alloying elements (DTN: MOO0003RIB00073.000
[DIRS 152926]), it is essentially a pure titanium alloy that has little capability to form
intermetallic compounds under the thermal exposure conditions in the repository.

Pure titanium is an allotropic element (i.e., existing in more than one crystallographic form)
(Gdowski 1997 [DIRS 102789]). Above 883°C, it has the body-centered cubic (bcc) crystal
structure called the beta () phase. Below 883°C, it transforms to a hexagonal close-packed
(hep) structure called the alpha (o) phase. Ti Grades 7 and 16 are a-phase alloys and have very
small additions of palladium. The solubility of palladium in these materials is about 1 wt % at
400°C. The nominal concentrations of palladium in Ti Grades 7 and 16 are well below the
solubility limit at this temperature (Gdowski 1997 [DIRS 102789], pp. 1 to 8). Titanium-
palladium intermetallic compounds capable of forming in this system have not been reported to
occur in Ti Grades 7 and 16 with normal heat treatments.

The drip shield temperature is governed by the temperature of the underlying waste package.
The recommended thermal goals of cladding and drift wall design require that T,.;,;"* < 350°C
and Tow"“ postciosure < 200°C (Williams 2003 [DIRS 162731], Table 1). The transition from o- to
B-phase titanium should not occur at these temperatures. The cladding on the spent nuclear fuel
(SNF) limits the waste package temperature to levels below 350°C. At these low temperatures,
no o-f transition will occur and palladium is well below its solubility limit. Such a low
temperature on the long-term phase stability and phase-dependent corrosion rate has no
detrimental effect. Hua et al. (2002 [DIRS 160670]) tested both the base metal and welded metal
of Ti Grade 7 in BSW-12 environment at 60°C, 70°C, 80°C, 90°C, 100°C, and 105°C for up to
eight weeks (Hua et al. 2002 [DIRS 160670]; Hua and Gordon 2003 [DIRS 163111]). No
difference in weight loss and, therefore, in corrosion rates was observed between the base metal
and welds. The boundaries between the welds and heat-affected zone and between the heat-
affected zone and base metal were invisible and unattacked after the severe test. Therefore, the
effects of phase instability possibly caused by thermal processes (e.g., welding) on degradation
of Ti Grades 7 and 16 is insignificant. The effects of nonthermal processes of titanium alloys on
their corrosion resistance and integrity are negligible.

6.7.4 Effects of Irregular Environmental Conditions

A twenty-year atmospheric corrosion study has been performed (Covington and Schutz 1981
[DIRS 151102]) on titanium in marine environments. The maximum corrosion rate was found to
be 2.5 x 10 mm/yr (25 nm/yr). In the LLNL tests at LTCTF, approximately half of the samples
are submersed and the other half are in the saturated vapor above the aqueous phase. There were
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a limited number of the samples at the water line. No difference in corrosion rates of these
samples was observed because of the different environments.

6.8 SUMMARY ASSESSMENT OF ALTERNATIVE CONCEPTUAL MODELS

The development and analysis of the alternative conceptual models for dry oxidation and general
corrosion are described in Sections 6.4.2 and 6.5.6, respectively. Numerical values for the fitting
parameters for the dry oxidation model were developed and typical results for the primary and
alternative dry oxidation model are given in Section 6.4. Numerical values for the fitting
parameters for the alternative model for general corrosion were not derived because in the
absence of values for the long-term Arrhenius (temperature) dependence of the general

corrosion, the model is not considered a valid alternative to the primary model. Table 22
summarizes the alternative conceptual models considered.
Table 22. Alternative Conceptual Models Considered
TSPA
Alternative Summary of Subsystem Evaluation
Conceptual Model Key Characteristics Evaluation Recommended

Logarithmic dry 1) Oxide layer fully stabilizes after a | Insufficient long-term data to No
oxidation model short exposure time justify nonconservative model

2) Oxide layer completely stops

oxygen diffusion to metal/oxide

interface
General corrosion 1) Corrosion rate decreases Insufficient long-term data to No
cumulative distribution | parabolically with time. justify nonconservative model
function adjusted for | 2 pry oxidation temperature
parabolic kinetics dependence (Arrhenius term)

applies to general corrosion
General corrosion 1) A consistent and reproducible The nature of the short-term No
cumulative distribution | bias occurred in the LTCTF tests corrosion testing is such that the
function adjusted for closeness of the before-and-after
experimental artifact weight-loss measurements will
of negative corrosion be consistently unpredictable
rates for some
samples
General corrosion 1) Parabolic corrosion kinetics Common practice in the literature | No
rate levels off after a operative over a short time of titanium usage to take
short exposure period | 2) Corrosion product layer on the corrosion rate under certain
and becomes titanium is tenacious, adherent, and | €Xposure conditions as “nil”
essentially zero protective of the underlying metallic

substrate

6.9 SUMMARY OF PRIMARY MODEL

6.9.1 Model Implementation

Figure 1 and Figure 3 summarize the models for the dry oxidation, general corrosion, and
localized corrosion of Ti Grade 7. The threshold RH is first used to determine whether dry
oxidation, humid-air corrosion, or aqueous-phase corrosion will predominate. If RH < RH_iical,
the parabolic oxide growth law represented by Equation 9 is used to calculate the dry oxidation
corrosion rate as a function of temperature.
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If the threshold RH is exceeded, humid-air corrosion or aqueous-phase corrosion will occur. The
inner surfaces the drip shield will only experience no-drip condition (humid-air corrosion). The
outer drip shield surface can be exposed under either drip (aqueous-phase corrosion) or no-drip
(humid-air corrosion) conditions. The corrosion and critical potentials are used to determine
whether the mode of attack is general corrosion only or general corrosion and localized
corrosion. The correlation of data represented by Equations 38 and 39 are used as the basis for
estimating these potentials.

In the implementation of the general corrosion models, the corrosion rates will be based on the
cumulative distribution function values tabulated in Table 16 and Table 17, and shown in
Figure 12 and Figure 13, to simulate the inner and outer surfaces of the drip shield, respectively
(Section 6.5). Also, because there is no functional relationship between the corrosion rates at
any particular position on a single drip shield, between different drip shields, or on the chemical
environment for each realization, there will be no variability in the rate selected from the
cumulative distribution functions within a given realization of the model.

The possible influences of CaCl, and fluoride ions on the corrosion behavior of titanium alloys
have been evaluated. It is concluded that the influences of CaCl, and fluoride ions are
insignificant. The effect of gamma radiolysis, aging, and microbially influenced corrosion on the
corrosion behavior of the drip shield is judged to be insignificant given the level of other
uncertainties in the corrosion models.

6.9.2 Summary of Primary Model Uncertainties

Uncertainties associated with the formulation of the dry oxidation model are discussed in Section
6.4.3. Data uncertainties associated with the cumulative distribution functions for the inner and
outer surfaces of the drip shield are the result of uncertainties in the LTCTF experimental
weight-loss measurements for the 1-year corrosion samples. The number of significant figures
used in reporting the corrosion rate data in and Table 16 and Table 17 (Section 6.5.6) are not
intended to imply that the experimental coupon weight-loss values could be measured to that
degree of accuracy. The data uncertainties result from possible bias in the 1-year weight-loss
measurements that form the basis of the cumulative distribution functions. The uncertainties in
rate data based on error analysis of weight-loss measurements are analyzed in Section 6.5.4.1
and showed that uncertainties in corrosion penetration rates less than approximately 170 nm/yr
(the 40 value discussed in Section 6.5.4) were indistinguishable from measurement error. This
creates a potential bias toward higher corrosion rates due to the measurement uncertainties and
rejection of samples showing “negative” weight gains. If incorporated into the cumulative
distribution functions, these negative values would offset some of the positive-only cumulative
distribution function rates over many realizations.

Parametric uncertainties in the general corrosion models are due to the formulation of the
cumulative distribution functions and the manner in which they are applied over the service
lifetime of the drip shield. These parametric uncertainties result from the application of the
cumulative distribution functions based on 1-year corrosion rate data over time spans of 10,000
years or more. Highly corrosion-resistant materials such as titanium generally exhibit parabolic
or logarithmic reaction kinetics (i.e., the rate of the corrosion reaction decreases in time as a
protective film forms on the surface). This effect is not factored into the 1-year cumulative
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distribution function data. The uncertainty introduced by not factoring parabolic or logarithmic
kinetics into the cumulative distribution function models is solely in the direction of
conservatism (i.e., the rates taken from the cumulative distribution functions will always be
greater than if parabolic or logarithmic kinetics were accounted for). These uncertainties are
analyzed in Section 6.5.4.1.

The “negative” weight losses measured for some samples (Figure 10 and Figure 11) represented
a physically unlikely situation and a source of uncertainty in the cumulative distribution function
models. The range of negative corrosion rates shown in these figures may be taken as an
indication of a negative bias in the measurements. These uncertainties due to measurement bias
in the 1-year cumulative distribution functions are expected to be offset by the lower rates that
would result from accounting for the parabolic or logarithmic kinetics that could control long-
term corrosion. In this way, the uncertainties in the general corrosion rates may be regarded as
being already incorporated in the cumulative distribution functions (i.e., each data point in the
drip cumulative distribution function has 100% uncertainty within the approximately 0 to 320
nm/yr range shown in Figure 13 and each data point in the no-drip cumulative distribution
function has 100% uncertainty within the approximately 0 to 113 nm/yr range shown in
Figure 12). The TSPA realizations should directly use the cumulative distribution function
sampled values, and the zero rate and maximum rate values for each cumulative distribution
function are bounding.

Uncertainties associated with the implementation of the localized corrosion model are primarily
associated with whether the chemical conditions under which £, would exceed E_ijcq; could
ever occur in the repository. The analyses in Section 6.6 indicate that localized corrosion is very
unlikely to occur within the likely range of potential water chemistries.

6.10 DESCRIPTION OF BARRIER CAPABILITY

10 CFR 63 [DIRS 156605] defines a barrier as “any material, structure, or feature that, for a
period to be determined by NRC, prevents or substantially reduces the rate of movement of water
or radionuclides from the Yucca Mountain repository to the accessible environment, or prevents
the release or substantially reduces the release rate of radionuclides from the waste.”
10 CFR 63.102 (h) and 10 CFR 63.113 (a) [DIRS 156605] require that the repository system
must include multiple barriers, both natural and engineered.

The capability of a barrier is defined by its ability to achieve one or more of the functions
described above (i.e., the extent to which it can prevent or delay the movement of water or
radionuclides, or prevent or reduce the release rate from the waste). In this report, the drip shield
is considered as the barrier to prevent or reduce water flow that could contact the waste package,
and, in the event of a waste package breach, prevents or reduces water flow from contacting the
waste form. The drip shields divert any moisture that might seep from the drift walls, including
condensed water vapor, around the waste packages to the drift floor for thousands of years.
Because of the low corrosion rates of titanium (Section 6.5.4.2), the initial breaches of the drip
shields due to corrosion degradation processes will not occur until approximately 35,000 years
(obtained by dividing the 15 mm DS thickness by the sum of the maximum values in Table 16
and Table 17). Therefore, even in the event of a breach of a waste package before its
corresponding drip shield, advective transport of radionuclides cannot occur until after
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approximately 35,000 years. The ability of the drip shield to prevent or reduce water flow is the
property that makes the drip shield a part of the engineered barrier system.

The analyses in this report show that the rate of general corrosion of the drip shield is small
enough that the primary model and the alternative conceptual models all indicate that the
maximum extent of general corrosion (dry oxidation, general corrosion on inner surfaces, and
general corrosion on outer surfaces) penetration would be on the order of a few millimeters after
10,000 years, compared to a drip shield thickness of 15 mm. The localized corrosion analysis in
this report shows that there would be no localized corrosion (pitting, crevice corrosion,
microbially influenced corrosion, etc.) under the environmental conditions to which the drip
shield is exposed.
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7. MODEL VALIDATION

Models described in this report are expected to adequately predict drip shield degradation
processes of the under the exposure conditions expected in the repository for a period of at least
10,000 years. This long time of application makes it difficult to validate these models in the
usual way, i.e., by comparison of model predicted values with those observed experimentally for
the whole range of time (ASTM C 1174-97 1998 [DIRS 105725], Sections 19.3 and 20.4).
Consequently, by validating the input parameter values used and comparing these parameters
and model predictions to available peer reviewed data, these models are validated. As required
by AP-2.27Q and stated in the technical work plan for this activity (BSC 2004 [DIRS 171583],
Table 2-1), the level of confidence (i.e., Level of Validation) required for the models developed
in this report is Level I meaning the Level of Model Importance is low. An adequate level of
confidence in the drip shield degradation models will be obtained by building confidence in the
methods used to develop the models and corroborating or validating the model output values and
alternate conceptual models with those available in the peer reviewed scientific literature.

7.1 CONFIDENCE BUILDING DURING MODEL DEVELOPMENT TO ESTABLISH
SCIENTIFIC BASIS AND ACCURACY FOR INTENDED USE

For Level I validation, the development of the model should be documented in accordance with
the requirements of Section 5.3.2(b) of AP-SIII.10Q. The development of the drip shield
degradation models was conducted according to these criteria , as discussed below:

(1) Selection of input parameters and/or input data, and a discussion of how the
selection process builds confidence in the model. (AP-SIII.10Q, 5.3.2(b) (1) and
AP-2.27Q, Attachment 3, Level I (a))

The inputs to the drip shield degradation models have all been obtained from controlled sources
(Table 2), including discussion about selection of input and design parameters. Assumptions are
described in Section 5. Detailed discussion about model concepts can be found throughout
Section 6 and particularly in Section 6.3. Thus, this requirement can be considered satisfied.

(2) Description of calibration activities, and/or initial boundary condition runs,
and/or run convergences, simulation conditions set up to span the range of
intended use and avoid inconsistent outputs, and a discussion of how the activity
or activities build confidence in the model. Inclusion of a discussion of impacts of
any non-convergence runs. (AP-SII1.10Q, 5.3.2(b)(2); AP-2.27Q, Attachment 3,
Level I (e)).

Discussion of initial and boundary conditions are described in Sections 1.2, 6, and 8, where the
drip shield degradation models and ranges of application are discussed. Sections 6.4, 6.5, and
6.6 provide discussion of various model results. Discussion about nonconvergence runs is not
applicable to this report because no nonconvergences were encountered. Thus, this requirement
can also be considered satisfied.

(3) Discussion of the impacts of uncertainties to the model results including how
the model results represent the range of possible outcomes consistent with
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important uncertainties. (AP-SIIL.10Q 5.3.2(b)(3); AP-2.27Q, Attachment 3,
Level 1 (d) and (f)).

Uncertainties associated with the drip shield degradation models are summarized in Sections
6.9.2 and 8. More detailed discussions of the impact of uncertainties on the model results
developed in this report are discussed in Sections 6.4.3 and 6.5.4, and throughout Section 6.6.

Section 6.4.3 discusses the effects of data uncertainties on the dry oxidation model developed in
this report. Uncertainties in the conceptual model and parameters used for dry oxidation
modeling were characterized and quantified. Section 6.5.4 discusses uncertainty in the drip
shield general corrosion model. Both uncertainty in the measurement and analysis process were
considered. Throughout Section 6.6 uncertainty in the drip shield localized corrosion model is
discussed. Localized corrosion in carbonate-based solutions and chloride-based brines was
considered.

(4) Formulation of defensible assumptions and simplifications. (AP-2.27Q,
Attachment 3, Level I (b)).

Discussion of assumptions and simplifications are provided in Section 5 with appropriate
technical bases for their use.

(5) Consistency with physical principles, such as conservation of mass, energy,
and momentum. (AP-2.27Q, Attachment 3, Level I (c)).

Consistency with physical principles is demonstrated by the conceptual and mathematical
formulations found throughout Section 6 and particularly in Section 6.3.

7.2 CONFIDENCE BUILDING AFTER MODEL DEVELOPMENT TO SUPPORT
THE SCIENTIFIC BASIS OF THE MODEL

Model validation activities associated with drip shield degradation modeling are identified in
Table 2-1 of Technical Work Plan For: Regulatory Integration Modeling and Analysis of the
Waste Form and Waste Package (BSC 2004 [DIRS 171583]).

Activity One: Are the corrosion rates of the general corrosion model of the drip
shield reasonable and consistent with the experimental rates measured for the
conditions expected in the repository?

Activity Two: Is the response of the correlation for Eqr and Egitica 0of the drip
shield reasonable and consistent with the literature data of relevant corrosion
resistant titanium alloys and available analogues for the conditions expected in the
repository?

The Technical Work Plan specifies that the corroborating data must match qualitatively. These
validation activities are consistent with those in AP-SII.10Q, Section 5.3.2¢)3). Several
alternative conceptual models were also considered consistent with AP-SIII.10Q,
Section 5.3.2¢)2).
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The model validation documented in this section addresses the dry oxidation, the general
corrosion, and the localized corrosion models for drip shield. The dry oxidation model covers
the situation when the relative humidity is below the threshold relative humidity (RH. isicar)
(Assumption 5.2). The general corrosion models cover the corrosion of the inner surface and
outer surface of the drip shield. The localized corrosion is modeled based on the AE approach.
The purpose of the localized corrosion model is to characterize the localized degradation of the
drip shield. Although no localized corrosion will occur, the presence of crevices on the outer
surface of the drip shield is considered by modeling general corrosion of the outer surface of the
drip shield using the “weight-loss plus crevice” corrosion rate data. The level of confidence
required of the models is Level I, as explained in Table 2-1 of Technical Work Plan For:
Regulatory Integration Modeling and Analysis of the Waste Form and Waste Package
(BSC 2004 [DIRS 171583]).

Model validation is accomplished in part by comparing experimental measurements of key
model parameters to corroborative data that has been published in the open scientific literature.
Calculated corrosion rates can be compared to experimental measurements to ensure that those
rates are reasonable.

7.3 DRY OXIDATION MODEL

The validation activity used to determine that the required level of confidence (Level I) in the dry
oxidation model has been obtained is whether the corrosion rates (or a range of the rates) of the
general corrosion model (the dry oxidation portion) of the drip shield are reasonable and
consistent with rates measured for the conditions expected in the repository. In this section, the
data used to develop the dry oxidation model (Schutz and Thomas 1987 [DIRS 112147], p. 685,
Figure 25) is compared to data from Ogden (1960 [DIRS 160556], Chapter 30, Figure 30.18).
The parabolic functional form used in the primary dry oxidation model is also compared to the
logarithmic functional form considered as an alternative conceptual model (Section 6.4.2).

The development of the dry oxidation model used well established facts (the parabolic law and
logarithmic law for oxide growth) and handbook data (Schutz and Thomas 1987 [DIRS 112147])
for the dry air oxidation of titanium to formulate the models (Section 6.4) and other independent
literature data to confirm the predictions of the model are reasonable and the required level of
confidence obtained, as discussed below.

The dry oxidation form of general corrosion is the direct oxidation of the titanium surface by
oxygen in dry air. Validation of the dry oxidation model for Ti Grade 7 is difficult because
(1) the paucity of quantitative data concerning very long-term low-temperature air oxidation and
(2) the high degree of oxidation resistance of titanium and titanium alloys (the primary reason for
the selection of Ti Grade 7 as the drip shield material). This makes quantitative comparison of
the model results and literature data difficult. Experimental data for the oxidation rates are
obtained by small weight-loss or weight-gain measurements (i.e., comparing before/after
specimen weights that are nearly identical to each other). The dry oxidation model was primarily
developed using weight-loss data (i.e., the weight difference between the samples before the
corrosion test and the samples after posttest chemical or mechanical removal of the oxide layer),
such as from the ASM Handbook (Schutz and Thomas 1987 [DIRS 112147], p. 685, Figure 25), a
widely accepted source for this type of data. Ogden (1960 [DIRS 160556], Chapter 30, Figure
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30.18) presented short-term weight-gain data (i.e., obtained by weighing samples before and
after exposure without removal of the oxide layer) for the oxidation of unalloyed titanium in dry
air at several temperatures between 480 and 2,370°F (approximately 250°C to 1,300°C). Ogden
(1960 [DIRS 160556], Chapter 30, Figure 30.18) gives values for the weight-gain rates due to
oxidation of approximately 0.0025, 0.025, and 0.045 mg/cm’-hr, respectively at 750°F, 950°F,
and 1,110°F measured at an early stage of exposure. Using a density of about 4.5 g/cm’ for
unalloyed titanium, these values translate to oxide layer depth growth rates of approximately 6.2,
61.7, and 110 nm/hr at these respective temperatures. For comparison purposes, the Schutz and
Thomas (1987 [DIRS 112147]) values given in Table 8 at these approximate temperatures are
5.6 (11.1 nm in two hours), 15.6 (31.1 nm in two hours), and 48.3 (96.7 nm in two hours) nm/hr,
respectively. Thus, the Ogden (1960 [DIRS 160556], pp. 678 to 696) data validates the rates
used to develop the dry oxidation model. From 250°C to 600°C, short-term testing shows a
transition in oxide layer growth kinetics from logarithmic to parabolic for titanium, with
logarithmic kinetics being observed below ~ 400°C, and parabolic kinetics subsequently
persisting to =2 600°C. A key feature of logarithmic growth kinetics is that oxide growth is much
slower than that predicted by the parabolic growth law (Section 6.3.1). Oxide growth by a
logarithmic law will eventually lead to a virtually constant thickness of the oxide (Section 6.4.2).
However, the times over which these observations were made (hours) were small compared to
the repository regulatory period (thousands of years). Oxide layer growth could continue if the
mechanism of oxide growth at the oxide—air interface oxide was replaced by oxygen dissolution
into the metal at the metal-oxide interface. On a laboratory timeframe, such a process would not
be observed at temperatures in the 200°C range because the diffusion coefficient for oxygen in o
titanium 1s very low at low temperature. Thus, the absence of long-term oxidation data makes it
difficult to conclude that a continuing very slow oxidation with a logarithmic growth rate would
be maintained over repository-relevant time periods. For this reason the more conservative
parabolic growth rate was considered as the primary dry oxidation model.

Fukusuka et al. (1980 [DIRS 160395]) noted that surface oxide films formed by thermal
oxidation (an air exposure condition similar to the drip shield exposure condition after
emplacement) were much more tenacious and resistant to subsequent aqueous immersion
corrosion than oxide films formed on titanium by aqueous anodization. Surface oxide films
approximately 37 nm thick formed by thermal oxidation remained unchanged after immersion
for 250 hours in HCI solutions, whereas anodically formed oxide films approximately 100 nm
thick decreased to only a few nanometers after only 20 hours immersion. Moreover, Smailos
and Koster (1987 [DIRS 159774], Figure 8) observed that even when exposed to a radiation field
of 10° rad/hr (10° Gy/hr) in salt brines containing aggressive oxidants, the corrosion rate of
titanium —palladium alloy after 610 days exposure stabilized at a rate of less than 1 nm/yr. The
maximum radiation field for the drip shield is expected to be about 10> Gy/hr. In the absence of
the radiation field, the corrosion rate stabilized at about 0.1 nm/yr. This indicates that the oxide
film that forms on the drip shield in under much less aggressive dry air conditions would be
stable or increase in thickness only very slowly, on the order of tens of nanometers over the
regulatory period. Thus, the parabolic model for dry oxidation may be taken as being validated
as a conservative predictor of the dry oxidation of the drip shield (also see Section 6.3.1).

From the foregoing analysis of literature data and information, it has been determined that the
required level of confidence (Level I) in the dry oxidation model has been obtained.
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7.4 GENERAL CORROSION MODEL

The validation activity used to determine that the required level of confidence (Level I) in the
models for the inner and outer surfaces of the drip shield has been obtained is whether the
corrosion rates (or a range of the rates) of the general corrosion models of the drip shield are
reasonable and consistent with the rates measured for the conditions in the repository. In this
section, the 1-year general corrosion rates for Ti Grade 16 (used for the base case drip shield
general corrosion model) are compared to literature data for the corrosion rates of relevant
titanium alloys (Mattsson and Olefjord 1990 [DIRS 111885]; Molecke et al. 1982
[DIRS 161678]). Also, laboratory data (5-year Ti Grade 16 data and 2.5-year Ti Grade 7 data)
not used to develop the base case drip shield general corrosion model are compared to the 1-year
Ti Grade 16 data used for model development.

General corrosion (or passive dissolution) by water or water vapor is the uniform thinning of the
drip shield at its corrosion potential (E.,-). The general corrosion model is based on weight-loss
measurements of Ti Grade 16, which is an analog of Ti Grade 7, specimens exposed in a range of
exposure conditions at the LTCTF. The 1-year data are used for the model development, while
the 5-year data are used for the model validation.

The outer surface of the drip shield is a worst-case scenario considering the more complicated
chemistry and geometry the outer surface will see. The corrosion rates of the outer surfaces are
treated by using the combination of weight-loss specimen data and weight-loss plus crevice
specimen data. The model shows that at 0%, 50%, and 100%, the corrosion rates are 0, 24, and
320 nm/yr, respectively (Section 6.5.5, Table 17, and Figure 13). These rates are independent of
solution composition, pH over the range 2.7 to 8.0, and temperature in the range of 60°C to
90°C. There is good evidence to justify that the values obtained are consistent with values
obtained by others using different measurement techniques.

Mattsson and Olefjord (1990 [DIRS 111885]), using a combination of depth profiling by ion
sputtering and x-ray photoelectron spectroscopy (XPS), measured (over a six-year period) rates
in the range 0.5 nm/yr to 4 nm/yr on Ti Grades 2 and 7 specimens in compacted clays saturated
with saline solutions at 95°C. The absence of a temperature dependence (90°C to 200°C) was
observed by Smailos et al. (1986 [DIRS 119592], 1990 [DIRS 154820]) and Smailos and Koster
(1987 [DIRS 159774]) in aggressive German Q-brines (NaCl 1.4%; KCI 4.7%; MgCl, 26.8%;
MgSO4 1.4%; H,O 65.7%; pH = 4.9 at 25°C) over an exposure period of ~3.5 years. Even at
250°C, Molecke et al. (1982 [DIRS 161678]) found a corrosion rate for Ti Grade 12 of only
400 nm/yr in aerated brine similar in composition to the one used by Kim and Oriani (1987
[DIRS 110236]). For Ti Grade 2, Molecke et al. (1982 [DIRS 161678]) obtained an activation
energy of ~ 29 kJ/mol. Smailos et al. (1986 [DIRS 119592], 1990 [DIRS 154820]), Smailos and
Koster (1987 [DIRS 159774]) and Molecke et al. (1982 [DIRS 161678]) used weight change
measurements to determine corrosion rates.

The fact that the range of experimental techniques used to measure corrosion rates produced
corrosion rates very similar to those obtained by weight change methods on LTCTF specimens
clearly indicates that, despite the uncertainties involved in their measurement, the present
corrosion rates from the LTCTF specimens are conservatively consistent with expectations. A
second significant feature of the corrosion rates reported in these studies is their similarity
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despite the wide range of exposure environments and temperatures used. This is consistent with
the observation that the rates measured in the LTCTF tests are effectively independent of
environment and temperature. Thus, the absence of a temperature dependence in most other
cases suggests an additional important mechanistic feature besides film growth kinetics. The
accumulation of surface deposits (LTCTF tests) and the incorporation of brine constituents into
the outer layers of the passive film are possible mechanisms.

7.4.1 Corrosion Rates Based Upon 5-Year Weight-Loss Measurements

General corrosion rates of Ti Grade 16 in SCW, SDW, and SAW at LTCTF for five years at the
LTCTF (DTN: LL030205912251.016 [DIRS 161755]) were obtained under the same test
conditions as the 1-year data except the posttest specimen cleaning procedures differed as
described in Section 6.5.3. The corrosion rates of Ti Grade 16 in SAW were in general lower
than the corrosion rates in SCW and, therefore, not included in this report. The 5-year
Ti Grade 16 general corrosion rate data is used for corroborative model validation and is not used
for the base case drip shield corrosion model.

The general corrosion rates for Ti Grade 16 based on LTCTF 5-year weight-loss only specimens
and weight-loss plus crevice samples in SDW and SCW are shown in Figure 22 and Figure 23,
respectively.

Again, these measurements are independent of temperature between 60°C and 90°C.
Furthermore, the composition of the test medium (SDW or SCW) had little impact on the
measurements. The corrosion rates obtained from the 5-year tests are significantly lower than
those obtained based on the 1-year data. The 5-year weight-loss specimen data had a maximum
value of about 58 nm/yr with most of the other values under 20 nm/yr. The 5-year crevice
specimen data shows a maximum single value of about 77 nm/yr with most of the values below
about 30 nm/yr. The median is at approximately 5 nm/yr and 10 nm/yr for weight-loss
specimens and crevice specimens, respectively.
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Figure 22. Distribution of General Corrosion Rates of Ti Grade 16: LTCTF 5-Year Weight-Loss
Specimens
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Figure 23. Distribution of General Corrosion Rates of Ti Grade 16: LTCTF 5-Year Crevice Specimens

In contrast to the 1-year exposure results, the corrosion rates obtained from the 5-year exposure
tests contain fewer negative values. The median corrosion rate for the 5-year data is higher than
that of the 1-year data. This is not surprising considering the difference in posttest sample
treatment in the 1- and 5-year tests. As indicated earlier in this report, the posttest specimen
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treatments were different for the 1- and 5-year tests. The 1-year specimens were cleaned with
deionized water and a nylon brush (Estill 1998 [DIRS 117697], Section 2.2.7.1). In contrast, the
S5-year specimens were cleaned more thoroughly and carefully as discussed in
DTN: LL030205912251.016 [DIRS 161755] and TIP-CM-51 [DIRS 169585]. Complete
descaling was observed and no corrections for scale deposits are needed.

For specimens exposed to SCW and SDW, the 5-year posttest specimens were descaled in a
cleaning solution prepared by diluting 150 mL of concentrated HCI acid (37% HCIl with a
specific gravity of 1.19) with deionized water to make 1,000 mL of solution. The cleaning
temperature was ambient. The only modifications to the ASTM methods were an increased
immersion time and the use of a drying oven and desiccator to minimize air exposure.

Similar to the treatment of the 1-year data, the cumulative distribution function based on the
corrosion rates obtained from the weight-loss only specimens (Figure 22), is used to model the
corrosion of the inner surfaces of the drip shield. The cumulative distribution function based on
the corrosion rates obtained from the weight-loss only specimens and creviced specimens
(Figure 23) is used to model the corrosion of the outer surfaces of the drip shield.

The 5-year corrosion data from the LTCTF show much lower corrosion rates than those based on
the 1-year data (Section 6.5.3.1), suggesting that parabolic or logarithmic kinetics may be
operative and, thus, help validate that the use of the cumulative distribution functions based on
1-year data (Figure 12 and Figure 13) is a sufficiently conservative representation of longer term
corrosion rates. A source of parameter uncertainty discussed in Section 6.5.4.2 is further
supported by the initial 5-year corrosion test results, which show corrosion rates lower than the
I-year data. The 5-year weight-loss (the inner surface case) data had a maximum value of
58 nm/yr with most of the other values under 20 nm/yr. The 5-year crevice (added to the weight-
loss data for the outer surface case) shows a maximum single value of 77 nm/yr with most of the
values below about 30 nm/yr. A comparison of the 5-year data (the cumulative distribution
functions shown in Figure 22 and Figure 23) with the 1-year data (the cumulative distribution
functions shown in Figure 10 and Figure 11) indicates that physical mechanisms that could have
maintained the early corrosion rates, such as maintaining the defect structure in the corrosion
layer, apparently do not keep the rates from decreasing over the longer exposure periods. This
indicates that the cumulative distribution functions based on the 1-year tests predict long-term
rates that are conservative. The 1- and 5-year corrosion data from the LTCTF are compared in
Figure 24 (for inner surface) and in Figure 25 (for outer surface). These figures indicate that the
I-year cumulative distribution functions can be taken as an upper bound limit for the short-term
uncertainties for the recommended cumulative distribution functions.
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Figure 24. Comparison of 1-Year and 5-Year Corrosion Rates Obtained from Weight-Loss Specimens

90 }f T
80 ff

100

=>=0ne-year crevice data
——TFive-year crevice data | |

~
o
¢

D
o

Percentile (%)

N
o

w
o

MW%%%

N
o

o i

T j

O 00445DC_010.ai

0
-400 -300 -200 -100 0 100 200 300
Penetration Rate (nm/yr)

N
o

Output DTN: MO0408MWDGLCDS.002.

Figure 25. Comparison of 1-Year and 5-Year Corrosion Rates Obtained from Crevice Specimens
7.4.2 Comparison of 1-, 2.5-, and 5-Year General Corrosion Rates

The LTCTF has also obtained corrosion rate data for Ti Grade 7 exposed in both vapor and
liquid phases of SAW, SCW, and SDW at 60°C and 90°C for two and a half (2.5) years with
weight-loss specimens and creviced specimens, respectively (DTN: LL030410012251.056
[DIRS 169583]). The data are obtained under the same test conditions as the 1-year and 5-year
Ti Grade 16 data. The posttest specimen cleaning procedures for the 2.5-year test were the same
as those for the 5-year Ti Grade 16 data. The 2.5-year Ti Grade 7 corrosion rate data are used for
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corroborative model validation in this document. Plots of the 2.5-year weight-loss and crevice
data are shown in Figure 26.
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Figure 26. Ti Grade 7 2.5-Year a) Weight-Loss and b) Crevice Specimen Corrosion Rates

The maximum and median values of 1-year, 2.5-year and S5-year corrosion rate data are
summarized in Table 23.
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Table 23. Summary of 1-, 2.5-, and 5-Year Corrosion Data Comparison

Ti Grade 16 Ti Grade 7 Ti Grade 16

1-Year, nm/yr 2.5-Year, nmlyr 5-Year, nm/yr
Specimen Type Weight-Loss Crevice Weight-Loss Crevice Weight-Loss Crevice
Median 0 0 6 3 5 10
Maximum 113 320 50 38 58 77

Output DTN: MO0408MWDGLCDS.002.

A more direct comparison of the 1-, 2.5-, and 5-year maximum corrosion rate data is presented in
Figure 27. Three important conclusions can be drawn from Figure 27. First, the corrosion rate
of titanium alloys decreases with time parabolically or obeys a power-law (e.g., Rate = A*t").
Secondly, the 2.5-year maximum corrosion rate, obtained from Ti Grade 7, is apparently lower
than the 5-year corrosion rate, obtained from Ti Grade 16. This observation supports the
conclusion that the general corrosion resistance of Ti Grade 7 is superior to that of Ti Grade 16.
Lastly, the difference between the corrosion rates obtained from the weight-loss specimens and
crevice specimens diminishes at the prolonged exposure times.

Corrosion Rate versus Time
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Figure 27. Comparison of 1-Year (Ti Grade 16), 2.5-Year (Ti Grade 7), and 5-Year (Ti Grade 16)
Corrosion Rates Obtained from Weight-Loss Specimens and Crevice Specimens, Showing the
Decreasing Trend in Corrosion Rate

During test exposure, the specimens may accumulate silica deposits, thereby complicating the
direct conversion of the recorded weight losses to corrosion rates. When measuring corrosion
rates it is common to attempt to remove these deposits by using various chemical and physical
means that could themselves also introduce uncertainties in the corrosion rates.
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Because the solubility of titanium in the test environments employed is very low, it is possible
the specimens experience a weight gain due to a combination of passive oxide growth and the
accumulation of the aforementioned surface silica deposits. The surface silica deposits may also
impede the corrosion process. Therefore, the corrosion rates will decrease with time because the
passive film tends to a steady-state thickness with the increase in exposure period. For rate
measurements based on weight changes (i.e., an integrated rate over the total exposure period),
this is seen as a decrease in corrosion rate, as clearly demonstrated by comparing the 1-year and
S-year corrosion data.

From the foregoing analysis of literature data and information and comparison of the cumulative
distribution function models with the 5-year LTCTF data, it has been determined that the
required level of confidence (Level I) in the model has been obtained. The current general
corrosion model was validated by comparing the model-predicted rates against values obtained
from the literature (e.g., cited results from aggressive industrial applications or from laboratory
testing).

7.5 LOCALIZED CORROSION

The validation activity used to determine that the required level of confidence (Level I) in E.,,
and E_.icq determinations for localized corrosion that have been obtained are 1) whether the
response of the correlation for E,, and E..iic.qr Of the drip shield is reasonable and consistent
with the literature data of relevant corrosion-resistant titanium alloys and available analogues for
the conditions expected in the repository. In this section, the corrosion potential analysis
developed in Section 6.6 is discussed in relation to analyses presented in the literature (Schutz
and Thomas 1987 [DIRS 112147], Table 23; Hua et al. 2004 [DIRS 167022]).

The corrosion potential formulation developed in Section 6.6 was developed using
electrochemical and cyclic polarization data. The formulation is validated as discussed below by
verification of the test methodology by comparison with appropriate ASTM electrochemical
testing standards and by comparison with handbook data. As a result, the appropriate level of
confidence (Level I) has been obtained.

The threshold and corrosion potentials for a given material depend on the chemistry and
constituents of the water. The general range of threshold potential values (approximately 1,000
to 1,400 mV vs Ag/AgCl reference electrode) may be partially validated as conservative for their
intended purpose of providing materials criteria by comparison with published Ti Grade 7
breakdown pitting potentials in concentrated NaCl solutions of approximately 5,200 to 9,600 mV
(Schutz and Thomas 1987 [DIRS 112147], Table 23). Factors such as temperature, addition of
alloying elements and chloride ion concentration may shift the pitting potential slightly towards
either more noble or less noble directions around about 7 V(scg) (Hua et al. 2004 [DIRS 167022],
Figure 12). The worst-case scenario is that the addition of 6% aluminum and 4% vanadium (to
yield Ti Grade 5) will lower the pitting potential to about 2 V(scg). However, the open-circuit
potentials of titanium alloys under the repository conditions are around 0 V (Hua et al. 2004
[DIRS 167022], CRWMS M&O 2000 [DIRS 154666]). Therefore, pitting is not considered a
localized corrosion scenario of titanium alloys under repository conditions.
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Crevice corrosion is considered as the scenario of localized corrosion of titanium alloys in this
document. The drip shield localized corrosion analysis in this report is based on the comparison
of threshold and corrosion potentials for titanium alloys at various temperature, pH, and chloride
levels. The corrosion and threshold potentials used to plot the potential vs composition and
temperature curves (Figure 19 and Figure 20) were obtained from cyclic polarization curves
(Figure 14 through Figure 18). The test methodology used was that in ASTM G 5-94
[DIRS 117479], but using more repository-relevant water chemistries. This standard is widely
used and accepted for this type of polarization testing.

Because no crevice corrosion attack was observed in LTCTF tests for up to five years of
exposure in repository related environments and the cyclic polarization results indicated that the
AE values are large enough to rule out the possibility of localized corrosion, crevice corrosion
does not need to be modeled.

From the foregoing analysis of literature data and information, it has been determined that the
required level of confidence (Level 1) in the localized corrosion and critical potentials has been
obtained.

7.6 MODEL VALIDATION SUMMARY

The dry oxidation model developed in Section 6.4 was validated for its intended use in Section
7.3 by comparing the data used to develop the dry oxidation model (Schutz and Thomas 1987
[DIRS 112147], p. 685, Figure 25) to literature data from Ogden (1960 [DIRS 160556],
Chapter 30, Figure 30.18). The parabolic functional form used in the primary dry oxidation
model is also compared to the logarithmic functional form considered as an alternative
conceptual model (Section 6.4.2).

The general corrosion model developed in Section 6.5 was validated for its intended use in
Section 7.4 by comparing the 1-year general corrosion rates for Ti Grade 16 (used for the base
case drip shield general corrosion model) to literature data for the corrosion rates of relevant
titanium alloys (Mattsson and Olefjord 1990 [DIRS 111885]; Molecke et al. 1982
[DIRS 161678]). Also, laboratory data (5-year Ti Grade 16 data and 2.5-year Ti Grade 7 data)
not used to develop the base case drip shield general corrosion model are compared to the 1-year
Ti Grade 16 data used for model development.

The localized corrosion model developed in Section 6.6 was validated for its intended use in
Section 7.5 by comparison to analyses presented in the literature (Schutz and Thomas 1987
[DIRS 112147], Table 23; Hua et al. 2004 [DIRS 167022]).

All models were determined to have met the required level of confidence (Level I). Acceptance
criterion of the TWP for model validation (corroborating data match qualitatively) has been met.
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8. CONCLUSIONS

The corrosion behavior of the Ti Grade 7 drip shield material (throughout much of this report,
Ti Grade 16 is used as an analogue for Ti Grade 7 in general corrosion analysis) has been
modeled. The corrosion modes addressed in this report include dry oxidation, general corrosion
(including humid-air corrosion and aqueous-phase corrosion) of the inner and outer surfaces of
the drip shield and localized corrosion of the outer surface of the drip shield. In addition, other
factors potentially deleterious to the corrosion resistance of titanium alloys, such as microbially
influenced corrosion and presence of radiolysis, aging and phase instability, calcium chloride,
and fluoride were analyzed.

8.1 OVERVIEW OF CORROSION MODES

As illustrated in Figure 1, the threshold RH, RH .iscq;, 1s first used to determine whether dry
oxidation will occur. If dry oxidation is determined to occur (RH < RH.,itica, S€€
Assumption 5.2), the parabolic growth law is used to calculate the oxidation rate as a function of
temperature (Section 6.3.1 and Section 6.4). If the RH is equal to or greater than RH . ijcq (RH =
RH.,iticar), humid-air corrosion will occur in the absence of dripping water, and aqueous-phase
corrosion will occur in the presence of dripping water (Section 6.3.2 and Section 6.3.3,
respectively). The corrosion and critical potentials are used to determine whether the mode of
attack is general corrosion (Eor < Ecrisicar) OF the combination of general corrosion and localized
corrosion (Ecorr > Ecritical)-

When modeling corrosion of the inner and outer surfaces of the drip shield, no differentiation is
made between the humid-air corrosion and aqueous-phase corrosion. General corrosion on the
inner surface of the drip shield is modeled by using a cumulative distribution function based on
analysis of weight-loss specimens exposed for one year in the LTCTF (Table 16). General
corrosion of the outer surface of the drip shield is modeled by using a cumulative distribution
function based on analysis of weight-loss and creviced specimens exposed for one year in the
LTCTF (Table 17). This is discussed in Sections 6.5.3 and 6.5.5. Limited amounts of 5-year
corrosion test data (Figure 22 and Figure 23) and 2.5-year data (Figure 27) were obtained at
LTCTF. Comparison of 1- and 5-year corrosion test data (Figure 24 and Figure 25) and
comparison of the 1-, 2.5-, and 5-year maximum corrosion rate data (Figure 27) suggest that
modeling based on the 1-year data is sufficiently conservative (Section 6.5.3) considering the
fact that the corrosion rate decreases with time. The effects of radiolysis (Section 6.7.1),
microbially influenced corrosion (Section 6.7.2), and fluoride (Section 6.5.7) on the general
corrosion behavior of titanium alloys and calcium chloride on localized corrosion (Section 6.6.5)
and general corrosion (Section 6.5.8) are also discussed. Conclusions drawn are that these
factors will not limit the lifetime of the titanium alloys in repository environments. Section 6.9
contains a more detailed discussion of the implementation of the model in TSPA.

8.2 DRY OXIDATION

Dry oxidation occurs at any relative humidity below the threshold value for humid-air corrosion.
The rate of dry oxidation is limited by mass transport through this growing metal oxide film.
The measured oxide thickness and the thickness calculated according to the primary model are
summarized in Table 9. The primary model (Section 6.4.1) predicts oxide layer thicknesses of
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about 132 nm after a hundred years, about 417 nm after 1,000 years, and about 1,320 nm after
10,000 years of exposure at 200°C. These values indicate that dry oxidation is a negligible
contribution to degradation of the drip shield. The literature information shows that the
oxidation of Ti Grade 7 obeys the logarithmic growth (Section 6.4.2) that predicts even lower
oxide growth rate. On this basis, dry oxidation does not need to be explicitly modeled in TSPA.
The output of primary dry oxidation model is summarized in Table 24.

Table 24. Output of Primary Model for Dry Oxidation of Titanium

Output Uncertainty

Output Output i
Nar?\e DescriF;)tion DTN Sources of g;‘;ﬁgmgx Characteristic Values

Uncertainty (if applicable) (if applicable)

Titanium Oxide
Thickness under
DOX Oxide | dry oxidation
Thickness | condition per MO0408MWDGLCDS.002
(Table 9) Primary Model
(Measured vs
Calculated)

132 nm after 100
years, about 417 nm
Section N/A after 1,000 years, and
6.4.3 about 1320 nm after
10,000 years of
exposure at 200°C

8.3 GENERAL CORROSION

Both humid-air corrosion and aqueous-phase corrosion are treated as general corrosion in case
when E.. < Eincar. Localized corrosion occurs if E.o = Eeiica. However, as indicated in
Section 6.3 and Section 8.1, when modeling corrosion of the inner and outer surfaces of the drip
shield, no differentiation is made between the humid-air corrosion and aqueous-phase corrosion.
General corrosion on the inner surface of the drip shield is modeled by using a cumulative
distribution function based on analysis of weight-loss specimens exposed for one year in the
LTCTF (Table 16). General corrosion of the outer surface of the drip shield is modeled by using
a cumulative distribution function based on analysis of weight-loss and creviced specimens
exposed for one year in the LTCTF (Table 17). This is discussed in Sections 6.5.3 and 6.5.5.
General corrosion of the inner surface and outer surface should be modeled in TSPA.

The general corrosion rates for Ti Grade 16 based on LTCTF 1-year weight-loss samples
(i.e., modeling corrosion of the inner surface of the drip shield) are shown in Figure 13. The
general corrosion rates for Ti Grade 16 based on LTCTF I-year weight and crevice samples
(i.e., modeling corrosion of the outer surface of the drip shield) are shown in Figure 12. Based
upon these data, it does not appear that the life of the drip shield will be limited by the general
corrosion of Ti Grade 16 (an analog of Ti Grade 7) at temperatures less than those involved in
the test (90°C) during a period of 10,000 years.

The general corrosion rates for Ti Grade 16 based on LTCTF 5-year weight-loss samples and
crevice samples in SDW and SCW are shown in Figure 22 and Figure 23, respectively. The
corrosion rates obtained from the 5-year tests are used to validate the model developed based on
the 1-year data. The 5-year corrosion rate data are significantly lower than those obtained from
the 1-year data. The 5-year weight-loss (no-drip case or the inner surface case) data had a
maximum value of about 58 nm/yr with most of the other values under 20 nm/yr. The 5-year
weight-loss plus crevice data shows a maximum single value of about 77 nm/yr with most of the
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values below about 30 nm/yr. The median is at approximately 5 nm/yr and 10 nm/yr for weight-
loss samples and crevice samples, respectively. The 5-year specimens were cleaned more
thoroughly and carefully. The comparison of 1- and 5-year corrosion rates also indicates that the
I-year cumulative distribution functions themselves can be taken as upper bound limit for the
short-term uncertainties for the recommended cumulative distribution functions. The maximum
and median values of 1-, 2.5-, and 5-year corrosion rate data are summarized in Table 23.

The maximum observed corrosion rate, which is much less than 1 micrometer per year, clearly
indicates that the life of the drip shield is not be limited by general corrosion during a
10,000-year service life. The corrosion rates in this model are constant and do not decrease with
time. This treatment is conservative, as it is well known that corrosion rates decreases with time.

The variation in these cumulative distribution functions is considered to be entirely due to
uncertainty (Section 6.5.5) (i.e., a single general corrosion rate is sampled from each distribution
and applied to all drip shields in the repository). The general corrosion rate sampled for the
outside surface of the drip shield is independent of the general corrosion rate sampled for the
inner surface of the drip shield because the environments above and below the drip shield are not
significantly correlated.

Section 6.5.4.1 evaluated the uncertainty due to data measurement. The estimated errors are
summarized in Table 11. It is concluded that the typical uncertainty observed in weight loss and
dimensional measurements prevent determination of corrosion rates less than 42 nm/yr. This
estimate of error corresponds to about one standard deviation (/o). Therefore, any measured
corrosion rate less than approximately 170 nm/yr (40) will not be distinguishable from the
measurement error. General corrosion rates determined from measurements of weight loss in the
LTCTF are shown in Figure 10 and Figure 11. The maximum rates shown in Figure 10 and
Figure 11 are less than about 320 nm/yr, greater than the estimated 40 value. General corrosion
rates less than 320 nm/yr guarantees that the drip shield (wall thickness of 15 mm) will not
breach by general corrosion during the 10,000-year regulatory period.

In the general corrosion rate cumulative distribution functions (Figure 12 and Figure 13) all
negative rates are eliminated and the entire distribution is due to uncertainty. It is estimated that
there is an approximately one order-of-magnitude parametric uncertainty biased toward lower
rates in the cumulative distribution function models due to possible bias in the measurements,
corresponding roughly to the range of the spread of ‘“negative” corrosion rates shown in
Figure 10 and Figure 11. This uncertainty is offset by the uncertainty biased toward higher rates
in applying the 1-year cumulative distribution functions to the long duration of repository service
(i.e., no invocation of parabolically or logarithmically decreasing long-term corrosion kinetics).

It is also concluded that the presence of high concentration of CaCl, and fluoride ions will not
significantly enhance the general corrosion of the drip shield material under repository
conditions (Section 6.6.5 and Section 6.5.7).

It can be concluded that the Ti Grade 7 drip shield material is immune to microbially influenced
corrosion (Section 6.7.2). Based on the literature data, it is concluded that, even in aggressive
MgCl, brines, the radiation levels in the repository are not high enough to result in the
enhancement of corrosion processes on Ti Grade 7 (Section 6.7.1).
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The outputs of the general corrosion model are summarized Table 25.

Table 25. Output of Model for General Corrosion of Ti Grade 16 (Ti Grade 7)

Output Uncertainty
Output Uncertainty | Characteristic
Output Name Description DTN Sour:te§ ct>f Distribution Values
neertainty | (it applicable) | (if applicable)

1-year drip The cumulative MO0408MWDGLCDS.002 | Measurement | Entire N/A
shield inner distribution distribution
surface function for
cumulative General
distribution Corrosion Rates
function of Ti Grade 16:
(Table 16, LTCTF 1-year
Figure 12) Weight-Loss

Samples - No

Negative Rates
1-year drip cumulative MO0408MWDGLCDS.002 | Measurement | Entire N/A
shield outer distribution distribution
surface function for
cumulative General
distribution Corrosion Rates
function of Ti Grade 16:
(Table 17, LTCTF 1-year
Figure 13) Weight-Loss and

Crevice Samples

— No Negative

Rates
Error analysis | Summary of MO0408MWDGLCDS.002 | Measurement | N/A N/A
(Table 11) Error Analysis for

Corrosion Rates

Based on

Weight-Loss

Measurements

NOTE: The 5-year corrosion rate distribution data (Figure 22 and Figure 23) are not considered as the model output
but are used to validate the model. The 5-year corrosion rate data are valuable information and may be
useful for future analysis and modeling. Therefore, although the 5-year corrosion rate data are not included
in Table 25, they are included in the Output DTN: MO0408MWDGLCDS.002.

8.4 LOCALIZED CORROSION

The localized corrosion model for the titanium drip shield is based on the criterion that localized
attack occurs if the open circuit corrosion potential (E.,,) exceeds or is equal to the threshold
potential for breakdown of the passive film (E,.iscq) (Section 6.6). The cyclic polarization data
for Ti Grade 7 in repository-relevant conditions (SDW) are summarized in Table 19 and
Table 20.

The correlation of potential versus temperature and composition for various test media is shown
in Figure 19 and Figure 20 (Section 6.6.3). The numerical form of the localized corrosion
initiation model is shown in Equations 38 and 39. The critical potential versus temperature and
composition model indicates that localized corrosion of Ti Grade 7 would not initiate in
repository-relevant environments even at pH values as high as 14. On this basis localized
corrosion initiation (and hence propagation) does not need to be implemented in TSPA.
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Figure 19 and Figure 20 also show the uncertainty in the model (bounded at the -4o confidence
level). The covariance and model error term, &, are sources of uncertainty.

Based on the cyclic polarization measurements of Ti Grade 7 in high concentration of CaCl,
(Figure 21 and Table 21 in Section 6.6.5), it is not likely that calcium chloride will have
significantly detrimental effect on the localized corrosion resistance of Ti Grade 7.

Based on the test results and literature review, crevice corrosion of Ti Grades 7 and 16 is not
likely to occur under the repository conditions (Section 6.6.4).

The outputs related to localized corrosion are summarized in Table 26.

Table 26. Output of Model for Localized Corrosion of Ti Grade 7

Output Uncertainty
Output Uncertainty Characteristic
OutputName | peccription OTN Sources of | pigtribution Values
y (if applicable) | (if applicable)
Model error is
given by
AE=Egitca—Ecor I(;gﬁ'?)lgc?g Covariance gic;il;'?t?ll.lﬁon
(Equations 38 initiation model MO0408MWDGLCDS.002 2pr<(:|)rl\ilgrdnil Section 6.6.3 with mean of
and 39) for Ti Grade 7 zero and
variance of
10,500 mV
Summary of
test results for
effects of CaCl, AEs are
Summary of and MgCl, on | MO0408MWDGLCDS.002 | Measurement | N/A greater than
Effect of CaCl, ;
corrosion 2.0V
behavior of
Ti Grade 7

8.5 UNCERTAINTIES

Uncertainties associated with the model based on the electrochemical measurements and the
weight-loss measurements are addressed in Sections 6.4.3, Section 6.5.4, and Section 6.9.2,
respectively. A summary of error analysis for corrosion rates based upon weight-loss
measurements is in output DTN: MO040SMWDGLCDS.002.

8.6 YUCCA MOUNTAIN REVIEW PLAN ACCEPTANCE CRITERIA

The Yucca Mountain Review Plan, Final Report (NRC 2003 [DIRS 163274]) contains
Acceptance Criteria that are intended to establish the basis for the review of the material
contained in the License Application. As this report serves, in part, as the basis for the License
Application, it is important to show how the information contained herein addresses each of the
applicable Acceptance Criteria.

The drip shield is intended to protect the waste package, thereby prolonging waste package life.
Therefore, the drip shield must help meet criteria specific to Technical Work Plan For:
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Regulatory Integration Modeling and Analysis of the Waste Form and Waste Package
(BSC 2004 [DIRS 171583]), which has identified Acceptance Criteria based on the requirements
mentioned in Project Requirements Document (Canori and Leitner 2003 [DIRS 166275]) and the
NRC's Yucca Mountain Review Plan, Final Report (NRC 2003 [DIRS 163274]).

8.6.1 System Description and Demonstration of Multiple Barriers

For the Yucca Mountain Review Plan criterion entitled System Description and Demonstration
of Multiple Barriers (NRC 2003 [DIRS 163274], Section 2.2.1.1.3; Canori and Leitner 2003
[DIRS 166275], PRD-002/T-014, PRD-002/T-016), the following Acceptance Criteria were
addressed:

Acceptance Criteria 1—Identification of Barriers is Adequate

Barriers relied upon to achieve compliance with 10 CFR 63.113(b), as
demonstrated in the total system performance assessment, are adequately
identified and clearly linked to their capability.

The system this model report addresses is the engineering barrier system. The barrier that this
report addresses is the drip shield. The identification of the barriers is described in Sections 1.3
and 6.10.

Acceptance Criteria 2—Description of Barrier Capability Is Acceptable

The capability of the identified barriers to prevent or substantially reduce the
movement of water or radionuclides from the Yucca Mountain repository to the
accessible environment or prevent the release or substantially reduce the release
rate of radionuclides from the waste is adequately identified and described:

(1) The information on the time period over which each barrier performs its
intended function, including any changes during the compliance period, is
provided;

(2) The uncertainty associated with barrier capabilities is adequately described;

(3) The described capabilities are consistent with the results from the total system
performance assessment,

(4) The described capabilities are consistent with the definition of a barrier at 10
CFR 63.2

The purpose of the drip shield is to divert any moisture that might seep from the drift walls,
including condensed water vapor, around the waste packages to the drift floor for 10,000 years.
The drip shield also reduces any damage to waste packages in the event of rockfalls, as the
emplacement drifts degrade over time. This is described in Sections 1.3 and 6.10, as well as
Section 6.5 as part of the conceptual model discussion for general and localized corrosion of the
drip shield.
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Acceptance Criteria 3—Technical Basis for Barrier Capability is Adequately Presented.

The technical bases are consistent with the technical basis for the performance
assessment.  The technical basis for assertions of barrier capability is
commensurate with the importance of each barrier’s capability and the
associated uncertainties.

The technical basis for the barrier capability is documented in Sections 6.4, 6.5, 6.6, and 6.7.
Section 6.4 documents the technical basis for the dry oxidation model. Section 6.5 documents
the technical basis for the general corrosion model, and Section 6.6 documents the technical
basis for the localized corrosion model. Section 6.7 discusses the influence of other factors on
the corrosion of the drip shield including gamma radiolysis, microbially influenced corrosion,
and aging and phase stability.

8.6.2 Degradation of Engineered Barriers

For the Yucca Mountain Review Plan criterion entitled Degradation of Engineered Barriers
(NRC 2003 [DIRS 163274], Section 2.2.1.3.1.3; Canori and Leitner 2003 [DIRS 166275],
PRD-002/T-015), the following Acceptance Criteria were addressed:

Acceptance Criteria 1—System Description and Model Integration are Adequate

(1) TSPA adequately incorporates important design features, physical phenomena
and couplings and uses consistent assumptions throughout the degradation of
engineered barriers abstraction process;

(2) Abstraction uses assumptions, technical bases, data and models that are
appropriate and consistent with [those used] in other abstractions.

(3) The descriptions of the engineered barriers, design features, degradation
processes, physical phenomena, and couplings that may affect the degradation of
the engineered barriers are adequate.

(4) Initial and boundary conditions are propagated consistently throughout the
abstraction process.

(5) Sufficient technical basis for the inclusion and exclusion of FEPs are
provided;

(6) Adequate technical bases are provided, for selecting the design criteria, that
mitigate any potential impact of in-package criticality on repository performance,
including considering all features, events, and processes that may increase the
reactivity of the system inside the waste package.

(7) Guidance in NUREG 1297 and NUREG 1298 [re: Expert Elicitation] are
followed.
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The drip shield system this report addresses is described in Sections 1 and 6.10 as part of the
conceptual model discussion for general and localized corrosion of the drip shield. The system
description and model integration are adequate.

The model abstraction outputs are supported by objective comparisons described in Section 6.
Sufficient data have been obtained, as documented in Section 4.1, to develop and validate the
model.

Uncertainties in the data used for the general corrosion model analysis were characterized and
quantified, and propagated through the general corrosion model (Section 6.5.4). Uncertainties in
the data used for the localized corrosion model analysis were characterized and quantified, and
propagated through the localized corrosion model (Section 6.6.3).

The physical phenomena, factors (including design features, environmental factors, and their
coupling) are described in Section 6.3 of this report as part of the conceptual model discussion
for general and localized corrosion of the drip shield. The models developed in this report are
adequately incorporated into TSPA. Integration of the submodels for drip shield corrosion
degradation analysis is also described in Section 6.3. Throughout this report, the analyses use
assumptions, technical bases, input data and models that appropriately reflect the design of the
drip shield and the humid air and groundwater media that may come in contact with the waste
package. Assumptions used in this report are addressed in Section 5. The data, technical bases
and models are addressed in Sections 4.1 and 6. This information is used in a manner that is
consistent with other abstractions of processes associated with the degradation of the drip shield.
Initial and boundary conditions are propagated consistently throughout the abstraction process as
described in Sections 1.2, 6, and 8 of this report where the drip shield degradation models and
ranges of application are discussed.

The features, events, and processes (FEPs) treated in this report are identified in Section 6.
Sufficient technical basis for the inclusion of FEPs are provided in Section 6.3 as part of the
conceptual model discussion for drip shield degradation and The technical basis for the barrier
capability is documented in Sections 6.4, 6.5, 6.6, and 6.7. Section 6.4 documents the technical
basis for exclusion of dry oxidation. Section 6.5 documents the technical basis for inclusion of
humid-air and aqueous general corrosion, and Section 6.6 documents the technical basis for the
exclusion of localized corrosion. Section 6.7 discusses the basis for exclusion of the effects
other factors on the corrosion of the drip shield including gamma radiolysis, microbially
influenced corrosion, and aging and phase stability.

See also DTN: MO0407SEPFEPLA.000 [DIRS 170760] for a description of these FEPs and the
FEPs Screening of Processes and Issues in Drip Shield and Waste Package Degradation (BSC
2004 [DIRS 169997]) for a complete list of all FEPs related to waste package and drip shield
degradation.

Those sections of the acceptance criterion that relate to the selection of design criteria are not
applicable to this report because design criteria are not selected in this report. Those sections of
the acceptance criterion that relate to the use of expert elicitation are not applicable to this report
because expert elicitation was not used in this report.
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Acceptance Criteria 2—Data Are Sufficient for Model Justification
(1) Parameters used to evaluate the degradation of EBS are adequately justified;

(2) Sufficient data have been collected to establish initial and boundary
conditions;

(3) Data on the degradation of the engineered barriers (e.g. — general and
localized corrosion, microbially induced corrosion, galvanic interactions,
hydrogen embrittlement and phase stability) are based on laboratory
measurements, site-specific field measurements, industrial and/or natural analogs
and tests designed to replicate anticipated conditions. As appropriate, sensitivity
or uncertainty analyses are provided and are shown to be adequate.

(4) Degradation models for the applicable processes are adequate. For example,
general and localized corrosion, microbially induced corrosion, galvanic
interactions, hydrogen embrittlement and phase stability are given appropriate
consideration and treatment.

Section 4.1 documents the input data and their use in the model analysis. The input data and
parameters used to evaluate the performance of the drip shield were obtained from controlled
sources and were adequately justified for their intended use (Section 4.1). Section 4.1 shows that
sufficient data have been collected to establish initial and boundary conditions for the models
developed in this report. The data used was based on laboratory measurements under testing
conditions designed to replicate anticipated repository exposure conditions. Degradation models
for the processes relevant to degradation of the drip shield were given appropriate consideration
(Section 6) and were found to be adequate for their intended use (Section 7).

Acceptance Criteria 3—Data Uncertainty is Characterized and Propagated Through The
Model Abstraction

(1) Models use parameter values, assumed ranges, probability distributions
and/or bounding assumptions that are technically defensible, reasonably account
for uncertainties and variabilities, and do not result in under-representation of
the risk estimate.

(2) Appropriate parameters, based on techniques that may include laboratory
experiments, field measurements, and industrial analogs are used.

(3) Assumed range of values and probability distributions for parameters used in
conceptual and process-level models are not likely to underestimate the actual
degradation and failure of engineered barriers.

(4) Appropriate methods of NDE of fabricated-engineered barriers are used to
assess the type, size and location of fabrication defects that may lead to
premature failure of engineered barriers.
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(5) Where sufficient data do not exist, the definition of parameter values and
conceptual models is based on appropriate use of other sources, such as expert
elicitation.

Each of the models developed in this report use parameter values, assumed ranges, probability
distributions or bounding assumptions, or both, that are technically defensible, reasonably
account for uncertainties and variabilities, and do not result in under-representation of the risk
estimate. The various models developed in this report use data and parameters that were
developed based on laboratory experiments (Section 4.1) or bounding assumptions, or both, that
are technically defensible and reasonably account for uncertainties and variabilities. The effects
of uncertainties on the parameter ranges and uncertainty distributions in the models developed in
this report are discussed in Sections 6.4.3, 6.5.4, and 6.6. The uncertainties are summarized in
Section 6.9.2.

Those sections of the acceptance criterion that relate to nondestructive examination of fabricated
engineered barriers are not applicable to this report because no such analyses were analyzed in
this report. Those sections of the acceptance criterion that relate to the use of other sources, such
as expert elicitation, are not applicable to this report because no other sources were used in the
creation of this report.

Acceptance Criteria 4—Model Uncertainty is Characterized and Propagated Through the
Model Abstraction

(1) Alternative modeling approaches are considered and are consistent with
available data and current scientific understanding.

(2) Consideration of conceptual model uncertainty is consistent with available
site characterization data, laboratory experiments, . . . and the treatment of
uncertainty does not result in under-estimation of the risk estimate.

(3) Alternative modeling approaches, consistent with available data and current
scientific understanding, are used and the modeling results are evaluated using
tests that are sensitive to the processes modeled.

Alternative modeling approaches that are consistent with available data and current scientific
understanding are considered and discussed throughout this report and summarized in Table 22
in Section 6.8. Specifically, an alternative conceptual model for dry oxidation using a
logarithmic rate law is discussed in Section 6.4.2. Alternative conceptual models for general
corrosion of the drip shield are discussed in Section 6.5.6. Although these alternative models are
not used in TSPA, they are used, where applicable, for model validation in Section 7.

Consideration of uncertainties of the models developed in this report is an integral part of the
model development and validation. Conceptual model uncertainty is consistent with the
information that has been developed through laboratory experiments (Section 4.1). The
treatment of uncertainty is unlikely to result in under-representation of the risk estimates. The
primary model for dry oxidation (using a parabolic growth law, Section 6.4.1) is conservative
relative to the alternative model for dry oxidation (using a logarithmic growth law, Section
6.4.2). The distribution used to model general corrosion of the drip shield is based on data for
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Ti Grade 16 exposed for one year (Section 6.5.5). This choice is conservative in two respects:
1) the general corrosion rate of Ti Grade 7 (the drip shield material) is lower than the general
corrosion rate of Ti Grade 16 (Section 7.4.2) and 2) the general corrosion rate of titanium alloys
decreases with exposure time (Section 7.4.2). The effects of uncertainties on the parameter
ranges and uncertainty distributions in the models developed in this report are discussed in
Sections 6.4.3, 6.5.4, and 6.6. The uncertainties are summarized in Section 6.9.2.

Acceptance Criteria 5—Model Abstraction Qutput Is Supported By Objective
Comparisons

(1) Models implemented in this total system performance assessment abstraction
provide results consistent with output from detailed process-level models and or
empirical observations (laboratory and field testing, and/or natural analogs).

(2) Numerical corrosion models used to calculate the lifetime of the engineered
barriers are adequate representations, considering the associated uncertainties in
long term behavior, range of conditions (including residual stresses)and the
variability in fabrication processes.

(3) Evidence is sufficient to show that models will not underestimate the actual
degradation and failure of engineered barriers.

(4) Mathematical degradation models are based on the same environmental
parameters, material factors, assumptions and approximations shown to be
appropriate for closely analogous applications.

(5) Accepted and well documented procedures are used to construct and test the
numerical models that simulate the EBS chemical environment and degradation
of EBS;

(6) Sensitivity analyses or bounding analyses are provided to support the
abstraction of the degradation of engineered barriers.

The results of drip shield degradation models developed in this report are implemented in the
TSPA as specified in this report, therefore the TSPA model results are consistent with output
from this report. The models developed in this report were compared with laboratory data used
to develop the models in the applicable subsections in Section 6. The models developed in this
report were compared with laboratory or literature data not used in model development in the
applicable subsections in Section 7. As discussed in response to previous Acceptance Criteria,
there is sufficient evidence that the models developed in this report will not underestimate the
actual degradation and failure of the drip shield. The mathematical models developed in this
report were based on data collected using materials and exposure environments relevant to those
expected in the repository. The models developed in this report were constructed following the
accepted and well-documented AP-SIII.10Q, Models.
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APPENDIX A
DETAILED CALCULATION OF EQUATIONS 38 AND 39 AND FIGURE 19 AND
FIGURE 20 (TI GRADE 7 AE ANALYSIS)
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APPENDIX A — DETAILED CALCULATION OF EQUATIONS 38 AND 39 AND

FIGURE 19 AND FIGURE 20 (TI GRADE 7 AE ANALYSIS)

Dat :=

Sample
ID
NEA002
NEAO020
NEAO033
NEAO001
NEA034
NEAO11
NEA022
NEA023
NEAO005
NEAO017
NEA028
NEAO004
NEAO018
NEA029
NEA003
NEAO019
NEAO030
NEAO010
NEAO012
NEAO013
NEA024
NEA009
NEAO014
NEA025
NEAQ007
NEAQ008
NEA026
NEAO032
NEAO031

Solution

SDW
SDW
SDW
SDW
SDW
SDW
SDW
SDW
SCwW
SCwW
SCwW
SCwW
SCwW
SCwW
SCwW
SCwW
SCwW
SAW
SAW
SAW
SAW
SAW
SAW
SAW
SAW
SAW
SAW
SSw
SSw

T
°C
30
60
90
30
90
30
60
60
30
60
90
30
60
90
30
60
90
30
30
60
90
30
60
90
30
30
90
100
120

Ecorr

mV vs. Ag/AgCI

-145
-212
-305
-99
-305
-125
114
214
-37
-331
-480
-187
-364
-506
-233
-351
-516
-153
-187
-99
-187
-284
-125
-187
-176
-145
-176
211
-336

Ecrit1

1070
947
808

1000
752

1030
912
874
958
880
849
968
796
654

1020
849
772
1450
1430
1390
1300
1420
1420
1340
1440
1230
1330
921
813

Cl-
mg/L
67
67
67
67
67
67
67
67
6700
6700
6700
6700
6700
6700
6700
6700
6700
24250
24250
24250
24250
24250
24250
24250
24250
24250
24250
128000
128000

PH*

10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
2.70
2.70
2.70
2.70
2.70
2.70
2.70
2.70
2.70
2.70
6.25
6.25

Columns 1 through 5 are from the input DTN: LL0O10105512251.011 [DIRS 155623]

S01009_004.

Columns 6 ([Cl-) and 7 (pH) are from DTN: LL040803112251.117 [DIRS 171362].

* If a range of pH values are given the average value was used (i.e., for SSW,

(7+5.5)/2 = 6.25)
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Here, for Ti Grade 7, AE = (Ecritl - Ecorr) is fit to a linear function of Temperature (K), log(Cl),
and pH, i.e.:
AE = (Ecritl — Ecorr) = dO + d1~T + d2~log(C1) + d3~pH

rY = Dat<2> - Dat<1> This is AE
—_—
(o Dat<0> .
X = © This is a vector of ones. Used to calculate the constant d(y of the
Dat model
xV = pat? 1 2731 Temperature converted to Kelvin
_
() Dat<3> 3 Logarithm (base 10) of chloride concentration. Cl- in mg/L converted
= s 35453 ) to Cl~ in mol/L by division by 35.453 g/mol (35,453 mg/mol)
(Sargent-Welch Scientific Company 1979 [DIRS 110056]).
rX<3> -~ Dat(4> -
Regression Coefficients
T )T 3 0 1 1
b = (rX ~rX) X 1Y rbT = (2.05>< 100 -1.17x 100 1.41x 100 —4.89x 10 )

Covariance

(rYT~rY—rbT~rXT~rY) ( T )_1
= ArX-rX
(length(rY) — cols(rX))
5.61x 104 —1.65% 102 1.15% 103 6.61x 101 \

1

—1.65% 10° 5.06x 1071 —436x 10° -1.07x 10°

x =
1.15x 103 —4.36% 100 5.35x%x 102 1.16x 102
6.61x 101 —1.07x 100 1.16X 102 5.61x 101 )
2 6
SStot := Z(rY — mean(rY)) SStot = 1.211x 10 Sum of Squares total
2 5 .
SSres := Z(rY —rX-rb) SSres = 2.619x 10 Sum of Squares residual
2 5 .
SSreg := Z(rXrb — mean(rY)) SSreg = 9.489% 10 Sum of Squares regression
or "Explained SS"
SSreg . N

Rsq := SStot Rsq = 0.784 Coefficient of determination

ANL-EBS-MD-000004 REV 02 A-4 September 2004



General and Localized Corrosion of the Drip Shield

Correlation coefficient matrix

2 4
i= 0..r0ws(r2) -1 j:=0. cols(rZ) -1 Corr. . := UL

I -0981 021 0.037) L
0981 1 -0265 —0.201
021 —0265 1  0.668
0.037 -0201 0668 1 )

Corr =

Residual standard deviation measures the spread around the regression line

SS
Sei= = se = 102.344
rows(rX) — cols(rX)

EE(T,Cl,pH,z) is a function that evaluates AE using the median surface, Xo rb, a given z-value (number
of standard deviations away from the median values), the residual variance (se)z, and the covariance

matrix, rx.

EHT,logCl,pH,2z) := | Xo < (1 T logCl pH)

(X0~rb + z-\/se2 + X0~rE~(X0)T)
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The following steps evaluate EE at various values of T and pH for a constant chloride ion concentration

of 3 mol/L.

nl :=0.. Np n2:=0.. Np

Np =50

-n2

(14-2)
Np

ppHnl,r12 =2+

-nl

Np

400 —
300, (400300

nl,n2"’

TT

EHTT, log(3),ppH,—4)

Z3m4:=

Z3 :=EHTT,log(3),ppH,0)

=]
=

AE

(TT,ppH,Z3),(TT, ppH, Z3m4)

September 2004
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-n2

Np

(14-2)

Z4m4 is the -4 confidence surface

74 is the median surface

1pHnl’112 =2+

n2:=0..Np
nl

nl:=0.. Np
log(4) — -4
4, (log(4) - —4)
Np

EE400,iCL ipH, —4)

1C1nl 2

EE(400,iCL, ipH, 0)

=50

Z4m4:

The following steps evaluate EE at various values of chloride concentration and pH for a constant
Z4:

temperature of 400 K.

General and Localized Corrosion of the Drip Shield

1
it
N

._._.

1]

0y
L

i

T

-.:‘. .q___....

,.
e

i

Wittt
._..”.H___. L..__._._..m._.._.u._.____.

il

iy

!
i

H“___q h il

._m_._.__ .w_.“__. M.“

fr e
ﬁ&ﬁﬁm il fm__.__

el

rfie:
7} iy q._.._. i -
AR
i __“.‘w\mq.m_.___, x,______i _@_ﬁ_ﬂq
_q.q.,__h_q._..“_ﬂ___q.h i
Wil .q__“__r_..w“_m_.
! k i -

n
i
._____q._m. i Hm__ 0
il

It ik s
Hh.—.

1700—
1400—
1100—0

September 2004

A-7

(iCL ipH, Z4), (iCl, ipH, Z4md)
ANL-EBS-MD-000004 REV 02



General and Localized Corrosion of the Drip Shield

INTENTIONALLY LEFT BLANK

ANL-EBS-MD-000004 REV 02 A-8 September 2004



Addendum Cover Page QA: QA

Complete only applicable items. 1. Total Pages: 72

2. Addendum to (Title):

General Corrosion and Localized Corrosion of the Drip Shield

3. DI (including Revision and Addendum No.):
ANL-EBS-MD-000004 REV 02 AD 01

Printed Name Signature Date

Joon Lee Z . / / “~
4. Originator W ? / 0/

Russell Jarek / ! /07

Y

5. Independent Technical
Reviewer o/

Jean Younker

iB» Minq Zh| Yoy

1

6. Checker David Stahl
7. QCS/QA Reviewer Charles Beach
8. Respansible Manager / .
Lo Neil Brown
9. Responsible Manager Cliff Howard

10. Remarks

Change History

11. Revision and Addendum No.

12. Description of Change

REV 02 AD 01

Addendum to update the drip shield general corrosion model, include
relative corrosion rate for Titanium Grade 29, and address CRs.




ANL-EBS-MD-000004 REV 02 AD 01 il August 2007



General Corrosion and Localized Corrosion of the Drip Shield

CONTENTS
Page
ACRONYMS ..ttt ettt et s b e s bttt ea e b e et s bt e bt e st e sbt e b e et e sb e e bt enaeeeee ix
I[a]. PURPOSE ...ttt ettt ettt et e et e st ebeenaesaeeseennenseens 1-1
1.1Ja] BACKGROUND ON TITANIUM GRADE 7 AND GRADE 29............c........ 1-1
1.2[a] RANGES OF MODEL APPLICATION ......coooiiiiiiiieeeeieeee e 1-2
1.3[a] OVERVIEW OF MODEL......ccccooiiiiiiiiiiiiiieiieieeeeeeeeee et 1-2
2[a]. QUALITY ASSURANC E ......oooiieeeetee ettt st 2-1
3[a].  USE OF SOFTWARE ..ottt sttt 3-1
Ala]. INPUTS . ettt ettt ettt et e s st e bt e se e st e bt enseeseesseenseeneenseensesneenseens 4-1
4.1[a] DIRECT INPUT ..ottt sttt s 4-1
S[a]. ASSUMPTIONS ...ttt ettt ettt et et a et e st e saeenteeneenseenseeseenseenes 5-1
6[a]l. MODEL DISCUSSION......coititiiiniteeeiterieete sttt sttt sttt sbe et st sae e s e b eaee 6-1
6.1[a] GENERAL CORROSION OF TITANIUM GRADE 7.....ccccooviiiiienieieeene 6-1
6.1.1Ja] Long-Term Weight-Loss Measurements ............ccoeceeevueereeenieenveenneenne 6-2
6.1.2[a] Conceptual Approach to Modeling General Corrosion of Drip
SHICLA .. 6-3
6.1.3[a] Weight-Loss Data Analysis for Weight-Loss and Crevice
COUPOMS ittt ettt ettt ettt e et e et e e ateesabeesaaeesnneens 6-4
6.1.4[a] Evaluation of Uncertainty Due to Weight-Loss Measurements ........... 6-9
6.1.5[a] General Corrosion Data Selection and Analysis..........cccceerverreennnne 6-14
6.1.6[a] Drip Shield General Corrosion Model for Aggressive
Environmental Conditions ...........cceeeverieneeneniienieneeieseenieeeeeeees 6-20
6.1.7[a] Drip Shield General Corrosion Model for Benign Environmental
CONAITIONS ..ottt ettt ettt eaees 6-23
6.1.8[a] Use of Constant General Corrosion Rates over Repository Time....... 6-30
6.2[a] RELATIVE CORROSION RATE OF TITANIUM GRADE 29...................... 6-31
6.2.1[a] Best Available Data ...........ccceeeviiiieiiiiiiiiecce e 6-32
6.2.2[a] Analysis of Relative Corrosion Rate...........cocceevieiiiiiieniiiniinieeene 6-33
6.2.3[a] Information Supporting this Corrosion Rate Ratio...........cccceeeveennnnn. 6-35
6.3[a] CORRECTIONS AND AMMENDMENTS .....ccceoiiiiieieieiecieieee e 6-36
6.3.1[a] CR 7786 — Correction to Table 7.........ccoeevvuiiieiiiiieieeceecee e, 6-36
6.3.2[a] Update to Environmental Dependence of General Corrosion ............ 6-37
6.4[a] ADDITIONAL RELEVANT INFORMATION.......ccccecteriiniiiieiinieneeieeene 6-37
7[a].  VALIDATION......ooiiiteieeieettete ettt ettt et esaeesaessaenseenseeseenseenseensenseensens 7-1
7.1[a] CONFIDENCE BUILDING DURING MODEL DEVELOPMENT TO
ESTABLISH SCIENTIFIC BASIS AND ACCURACY FOR INTENDED
U SE ettt ettt ettt et ettt et e b enee 7-1
7.2[a] GENERAL CORROSION MODEL.......ccocooteieiieiieieieeiesieee e 7-1

ANL-EBS-MD-000004 REV 02 AD 01 il August 2007



General Corrosion and Localized Corrosion of the Drip Shield

8[a].

9[a].

CONTENTS (Continued)

Page

7.2.1[a] Corroboration with Published Literature ..............cccoeeeevvvieviieienieeennen. 7-2
7.2.2[a] Corroboration with Five-Year Project Data..........ccccoeoeeviiiiiiiniiaenne. 7-4
CONCLUSITONS . ..ttt ettt ettt et st s bt et e ea e bt e besste bt enseeneenbeennesneans 8-1
8.1[a] PRODUCT OUTPUT IMPLEMENTATION IN TSPA .....ccocoieieieieeeeeene 8-1
8.2[a] YUCCA MOUNTAIN REVIEW PLAN ACCEPTANCE CRITERIA............... 8-2
INPUTS AND REFERENCES........oooiiieetee ettt 9-1
9.1[a] DOCUMENTS CITED ......ciiiiiiiiiiieeiiesite ettt ettt sve e 9-1
9.2[a] CODES, STANDARDS, REGULATIONS, AND PROCEDURES................... 9-3
9.3[a] SOURCE DATA, LISTED BY DATA TRACKING NUMBER ....................... 9-4
9.4[a] OUTPUT DATA, LISTED BY DATA TRACKING NUMBER ............cccc...... 9-4

ANL-EBS-MD-000004 REV 02 AD 01 iv August 2007



General Corrosion and Localized Corrosion of the Drip Shield

FIGURES

6-1[a].  Schematic of Specimen Used in the Weight-Loss Measurements of Titanium

Grade 7 Samples in LTCTE ...oooiiiieeeeee et

6-2[a]. Comparison of General Corrosion Rates of All Titanium Grade 7 Weight-Loss
Samples for Different Exposure Conditions after 2.5-Year Exposure in the

6-3[a]. Comparison of General Corrosion Rates of All Titanium Grade 7 Crevice
Samples for Different Exposure Conditions after 2.5-Year Exposure in the

6-4[a]. Empirical Cumulative Distribution Functions for General Corrosion Rate of
All Titanium Grade 7 Weight-Loss and Crevice Samples after 2.5-Year

Exposure in the LTCTF ..ot

6-5[a].  Empirical Cumulative Distribution Functions for General Corrosion Rate of
Titanium Grade 7 Weight-Loss and Crevice Samples with Positive Corrosion

Rates after 2.5-Year Exposure in the LTCTF ........cooovieiiiiiiiieeeeee e

6-6[a].  Comparison of General Corrosion Rates of Titanium Grade 7 Weight-Loss
Samples with Positive Rates for Different Exposure Conditions after 2.5-Year

Exposure in the LTCTF ..ottt

6-7[a].  Comparison of General Corrosion Rates of Titanium Grade 7 Weight-Loss

Samples for Different Exposure Conditions Used in the Model Development .....

6-8[a]. ECDFs for General Corrosion Rates of Titanium Grade 7 Weight-Loss

Samples for Different Exposure Conditions Used in the Model Development .....

6-9[a].  Drip Shield General Corrosion Model for Aggressive Environmental
Conditions along with the ECDF for the Experimental Data Used for the

A (T (ST BN 4 B S SR
6-10[a]. Lilliefors Test for Normality for the Aggressive Condition Data.............c..cccc...

6-11[a]. General Corrosion Rate Variability Distributions for the 2.5 Percentile and

97.5 Percentile Mean Values for Aggressive Environmental Condition ...............

6-12[a]. Drip Shield General Corrosion Model for Benign Environmental Conditions

along with the ECDF for the Experimental Data Used for the Model Analysis....

6-13[a]. Minitab Fit of Normal Probability Model for the Benign Environmental

CONAILION DIALA .o e e e e e e e e et eaaeaeeeeeee e eaaeeeaaaenaees

6-14[a]. Minitab Fit of Lognormal Probability Model for the Benign Environmental

CONAILION DIALA oo e e e e e e e e et e e e e e e e e e e eeaereaaaaeaaenaees

6-15[a]. Minitab Fit of Gamma Probability Model for the Benign Environmental

CONAILION DIALA .ot e e e e e e e e et e e e e e e e e e e e e eaaeeeaaeenaees

6-16[a]. Minitab Fit of Weibull Probability Model for the Benign Environmental

CONAILION DIALA oot e e e e e e e et e e e e e e e e e e eeaaraaeseeaaenaees

6-17[a]. Minitab Fit of Exponential Probability Model for the Benign Environmental

CONAILION DIALA .ot e e e e e e e e et e e e e e e e e e e e e eaaeaaeaaanaees

6-18[a]. Comparison of Gamma, Weibull, and Lognormal Probability Models for the

Benign Condition Data..........ccoiiiiiiiiiiiniiiiieeeeeee e

6-19[a]. Drip Shield General Corrosion Model for Benign Environmental Conditions

along with the ECDF for the Experimental Data Used for the Model Analysis....

ANL-EBS-MD-000004 REV 02 AD 01 \% August 2007



General Corrosion and Localized Corrosion of the Drip Shield

6-20[a].
6-21[al.

6-22[al.
7-1[a].
7-2[a].

7-3[al.

FIGURES (Continued)

Page
Comparison of CDFs for Approaches 1,2, and 3 .........ccceevvieviinciienieeieecie e 6-34
Schematic Illustration of Approach 3 to Titanium Grade 29/Titanium Grade 7
Corrosion Rate Ratio Calculation.............ocvevuiriiiieniieienieieeeseeeee e 6-34
Corrosion Rates of Relevant Titanium Alloys in Boiling HCl ........c.ccocooinininnen. 6-36
General Corrosion Rates of “Ti 99.8-Pd” (Titanium Grade 7) in Q-brine at
Three Temperatures, Shown as a Function of Time .........ccccceeeieviiiiieniiiiiecieeiee 7-3
Comparison of Aggressive Environment Drip Shield General Corrosion Model
to Five-Year Titanium Grade 16 Project Data ..........cccoovvieiieniiieniiiiieieceeeee 7-5
Comparison of Benign Environment Drip Shield General Corrosion Model to
Five-Year Titanium Grade 16 Project Data ..........cccoeeeieiieniieiiienieeieeie e 7-6

ANL-EBS-MD-000004 REV 02 AD 01 vi August 2007



General Corrosion and Localized Corrosion of the Drip Shield

1-1[al.

4-1[a].
4-2[a].
6-1[al.

6-2[a].

6-3[a).

6-4[a].

6-5[al.

6-6[a].
6-7[a].
6-8[a).
6-9[a].

7-1[a].

8-1[a].

TABLES
Page
American Society for Testing and Materials (ASTM) Specifications for
Chemical Compositions (wt %) of Relevant Titanium AllOYS........cccceeviiriiienienienne. 1-2
INPUL DAtA SOUTCES ...vveieeiiiiieeeiiee ettt et e e et e e e eeae e e e esnnreeeeenneee 4-1
General Corrosion Rates for Titanium Grades 7 and 29 Obtained by Weight-
L 0SS MEASUIEIMENLS .....couviiiiiiiiiiiieieeeieeiee ettt st 4-1

Summary of Test Matrix and Number of Weight-Loss and Crevice Titanium

Grade 7 Coupons Examined for Different Exposure Environments...............cccc....... 6-3
Measurement Uncertainty Analysis for Corrosion Rates Based upon Weight-

Loss Measurements for Titanium Grade 7 after 2.5-Year Exposure in the

Summary of Measurement Uncertainty Analysis for Corrosion Rates Based
upon Weight-Loss Measurements for Titanium Grade 7 after 2.5-Year

Exposure in the LTCTE ........coooiiiiiiiieiee ettt 6-13
Titanium Grade 7 General Corrosion Rates from Weight-Loss Geometry
Coupons Used in the Drip Shield General Corrosion Model............ccccceevveeiiiennnn. 6-18

Summary of Measurement Uncertainty Analysis for Weight-Loss Coupon
Corrosion Rates for the Three Groups for Different Environmental Conditions

Used in the Drip Shield General Corrosion Model Analysis.........ccceevevveerciieenneennns 6-19
Summary of Minitab Fitting Statistics for Benign Environmental Condition

DAtA .ttt st 6-25
Chemical Composition of the Test Solutions (Molal)..........cccceeevieniiieiiiniiiiieene 6-32
Summary of the Probability Distribution Function of Corrosion Rate Ratios.......... 6-35
Composition of Standard Test Media Based on J-13 Well Water ...........ccccoeeeenee. 6-37

Five-Year Titanium Grade 16 General Corrosion Rates from Weight-Loss
Geometry Coupons Used to Validate the Drip Shield General Corrosion Model ...... 7-4

TSPA Parameter Information and Specification ..........cccueeeveeeeiiieeniieeniieeeiee e 8-1

ANL-EBS-MD-000004 REV 02 AD 01 vii August 2007



General Corrosion and Localized Corrosion of the Drip Shield

INTENTIONALLY LEFT BLANK

ANL-EBS-MD-000004 REV 02 AD 01 viii August 2007



General Corrosion and Localized Corrosion of the Drip Shield

ACRONYMS
ASTM American Society for Testing and Materials
BSW basic saturated water
CDF cumulative distribution function
ECDF empirical cumulative distribution function
GE GRC  General Electric Global Research Center
LA license application
LTCTF Long Term Corrosion Test Facility
SAW simulated acidified water
SCW simulated concentrated water
SDW simulated dilute water
TSPA total system performance assessment
TWP technical work plan
ANL-EBS-MD-000004 REV 02 AD 01 ix

August 2007



General Corrosion and Localized Corrosion of the Drip Shield

INTENTIONALLY LEFT BLANK

ANL-EBS-MD-000004 REV 02 AD 01 X August 2007



General Corrosion and Localized Corrosion of the Drip Shield

1[a]. PURPOSE

The primary purpose of this addendum is to update the parent report and its general corrosion
rate modeling of the drip shield titanium materials. The plan for this work is documented in
Technical Work Plan for Corrosion of the Drip Shield (SNL 2007 [DIRS 180958]). This
addendum is prepared in accordance with SCI-PRO-006, Models, and supports a regulatory
compliance assessment because its output is used in performance assessment.

The drip shield design utilizes Titanium Grade 7 for the plate and Titanium Grade 29 for the rib
materials (SNL 2007 [DIRS 179354], Table 4-2, Parameters 07-04A and 07-04B). This updated
version of the titanium general corrosion model is based upon the use of Titanium Grade 7
exposed for 2.5 years (Section 6.1[a]), rather than of Titanium Grade 16 exposed for one year
(Section 6.5.3.1 of the parent report). This is deemed more technically defensible for the
following reasons: 1) it is the exact alloy of titanium for which the drip shield plates are
designed; 2) the Titanium Grade 7 data are from a longer-term testing than the Titanium
Grade 16 data; and 3) more refined and complete cleaning procedures were used for the
Titanium Grade 7 test coupons. Questions regarding the light (or incomplete) cleaning of the
Titanium Grade 16 samples have not been resolved (Section 6.5.3) and suggest data could under-
predict the general corrosion rate of the alloy.

Other notable activities are discussed in this addendum. This includes an analysis to provide a
corrosion rate ratio for determining the general corrosion rate of Titanium Grade 29 from the
Titanium Grade 7 general corrosion model (Section 6.2[a]). Also, this addendum addresses
condition report CR 7786 to correct Table 7 of the parent report (Section 6.3.1[a]).

One noted deviation from the technical work plan is that this addendum will address CR 10618.
To that end, the first sentence of the fourth paragraph in Section 7.4 of the parent report is
removed because it cannot be verified as accurate. That sentence is reproduced here as a
strikeout amendment:

1.1[a] BACKGROUND ON TITANIUM GRADE 7 AND GRADE 29

The information here provides an update to Section 1.1 of the parent report primarily for
inclusion of Titanium Grade 29 as part of the drip shield design.

The current drip shield top and side plates are fabricated from o phase Titanium Grade 7, an
alloy analogous to commercial purity Titanium Grade 2 with 0.12 to 0.25 wt % palladium added
to increase corrosion resistance. Another Titanium Grade 2 analog discussed in this document is
the leaner palladium-containing Titanium Grade 16. Structural support bulkheads and side
support beams welded to the plate material are fabricated using a higher strength material,
o+B-phase Titanium Grade 29, a ruthenium-containing analog to the extra-low interstitial grade,
Titanium Grade 23 (also called extra-low interstitial Ti-6Al-4V). Titanium Grade 29 contains
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0.08 to 0.14 wt % ruthenium. The weld filler wire used between Titanium Grade 7 and Grade 29
will be Titanium Grade 28 (SNL 2007 [DIRS 179354], Table 4-2, Parameter 07-12), which is a
ruthenium-containing analog (0.08 to 0.14 wt % ruthenium) of Titanium Grade 9 (also called
Ti-3A1-2.5V) whose composition is intermediate between Titanium Grades 7 and 29. The
chemical compositions of the relevant titanium alloys discussed in this section are shown in
Table 1-1[a] reproduced from ASTM B 265-02 (2002 [DIRS 162726], Table 2); this is an
expansion of Table 3 of the parent report to specifically include Titanium Grade 29.

Table 1-1[a]. American Society for Testing and Materials (ASTM) Specifications for Chemical
Compositions (wt %) of Relevant Titanium Alloys

ASTM Residual | Residual

Grade | Nmax |Cmax| Hmax| Omax | Fe max| Al \' Pd Ru (each) (total)
Grade 2 0.03 0.08 0.015 0.25 0.30 — — — — 0.1 0.4
Grade 7 0.03 0.10 0.015 0.25 0.30 — — 0.12-0.25 — 0.1 0.4
Grade 16 0.03 0.08 0.015 0.25 0.30 — — 0.04-0.08 — 0.1 0.4
Grade 29 0.03 0.08 0.015 0.13 0.25 5.5-6.5 | 3.5-4.5 — 0.08-0.14 0.1 0.4
Grade 23 0.03 0.08 | 0.0125 0.13 0.25 5.5-6.5 | 3.5-4.5 — — 0.1 0.4
Grade 28 0.03 0.08 0.015 0.15 0.25 2.5-3.5 | 2.0-3.0 — 0.08-0.14 0.1 0.4
Grade 9 0.03 0.08 0.015 0.15 0.25 2.5-3.5 | 2.0-3.0 — — 0.1 0.4

Source: ASTM B 265-02 [DIRS 162726], Table 2.

NOTE: Max = maximum concentration level; N = nitrogen; C = carbon; H = hydrogen; O = oxygen; Fe = iron;
Al = aluminum; V = vanadium; Pd = palladium; Ru = ruthenium.

1.2[a] RANGES OF MODEL APPLICATION

The results of this addendum are intended for use in the total system performance assessment
(TSPA) for the license application (LA), or in any other analysis or model report that may need
general corrosion rates for the titanium drip shields. The applicability of the results of this
addendum is limited to environmental conditions that are expected within the repository
environment, but there are no temporal limitations on its use.

1.3[]a] OVERVIEW OF MODEL

The conceptual model for degradation of the Titanium Grade 7 drip shield includes several
degradation modes (e.g., dry oxidation, general corrosion, and localized corrosion) as discussed
in Section 1.4 of the parent report. The localized corrosion model analysis for Titanium Grade 7
indicates that the drip shield will not be subject to localized corrosion in repository-relevant
environments (Sections 6.6 and 8.4 of the parent report). Contribution by dry oxidation to the
drip shield degradation in repository-relevant thermal conditions is negligibly small (Sections 6.4
and 8.2 of the parent report) and not explicitly included. However, the contribution of dry
oxidation is fully accounted for by the continuous application of the titanium general corrosion
model discussed in this addendum.
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As described in Sections 1.4 and 6.5 of the parent report, the general corrosion degradation of the
drip shields is evaluated by modeling general corrosion of the underside and topside surface of
the drip shield separately. The revised titanium general corrosion model presented in this
addendum is based upon corrosion rates for Titanium Grade 7 determined by weight-loss
measurement after 2.5 years of controlled exposure (Section 6.1[a]). Section 6.5 of the parent
report was based upon corrosion rates for Titanium Grade 16 determined from weight-loss
measurements after one year of exposure that have since been considered to have unreasonably
high uncertainties and deemed unrepresentative of the corrosion of the alloy for the testing
conditions. These were caused mainly from the following reasons: (1) incomplete removal of
corrosion products and other solid phases from the sample coupons by applying too mild
cleaning procedures, which could have resulted in under-estimated corrosion rates for the alloy,
and (2) the relatively short-term nature of the testing. The selected 2.5-year corrosion rate data
supports two environmentally distinct corrosion rates, one for a relatively aggressive aqueous
environment, the other corresponding to a rather benign environment. These aggressive and
benign environments are applied to the topside and underside surfaces for the designated
Titanium Grade 7 drip shield plate material (SNL 2007 [DIRS 179354], Table 4-2,
Parameter 07-04A), respectively.

The aggressive and benign condition general corrosion models are based on the probability
distribution functions that were fit to the measured general corrosion rates (Section 6.1[a]). The
corrosion models are validated by using the five-year exposure test data for Titanium Grade 16
from the Long Term Corrosion Testing Facility (LTCTF) and literature information
(Section 7.2[a]).

Titanium Grade 29 is a recently included drip shield material for use as the structural support
members of the drip shield (SNL 2007 [DIRS 179354], Table 4-2, Parameter 07-04B). This
material now requires a new analysis to determine a corrosion rate factor for the relative
corrosion rate of Titanium Grade 29 based on Titanium Grade 7 corrosion rates (Section 6.2[a]).
The corrosion rate factor is used in conjunction with the titanium corrosion model by application
of the aggressive environmental condition, regardless of the spatial location of the structural
support members.
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2[a]. QUALITY ASSURANCE

Development of this addendum continues to be subject to the Yucca Mountain Project quality
assurance program as implemented by applicable Lead Laboratory procedures. In particular, the
model activities and associated calculations within this addendum were conducted and
documented in accordance with SCI-PRO-006 as directed by the TWP (SNL 2007
[DIRS 180958], Section 1).

Electronic management of data followed IM-PRO-002, Control of the Electronic Management of
Information, as indicated in Section 8 of the TWP (SNL 2007 [DIRS 180958]).
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3[a]. USE OF SOFTWARE

Only commercially available off-the-shelf software was used in the preparation of this
addendum, as described below. No software or computer codes qualified and controlled in
accordance with IM-PRO-003, Software Management, were used in developing this report.

Microsoft Excel 97 was used to perform support calculations and graphics. It is a standardized
commercial spreadsheet program designed to assist in routine calculations and graphics.
Microsoft Excel 97 is a commercial off-the-shelf software program exempt from software
qualification in accordance with Section 2.0 of IM-PRO-003. Furthermore, according to
IM-PRO-003, Section 2.1, the use of Excel for graphical representation is exempt, as are the
calculations using built-in mathematical functions. When Excel is used for calculations,
information required for an independent person to reproduce the work (including any formulas or
algorithms used, as well as the listing of inputs or outputs) is provided. The calculations using
Microsoft Excel 97 can be independently performed on any platform capable of running this
commercial software program, including Windows 98, NT, 2000, and XP.

Minitab Version 14 is a commercial off-the-shelf software program used in this report. The
software used is a Sandia network-licensed version from a corporate server. It was used to
perform standard data fitting and to prepare graphics. The analyses performed here use only
standard functions and are documented in sufficient detail to allow an independent technical
reviewer to reproduce or verify the results by visual inspection or hand calculation without
recourse to the originator (including any formulas or algorithms used, as well as the listing of
inputs or outputs). Therefore, use of this software is not subject to IM-PRO-003. This software
is appropriate for this application because it offers the statistical and graphical functionality
necessary to perform and document the numerical manipulations used in this report. Minitab
Version 14 was executed on a Sandia National Laboratories-provided computer equipped with
the Windows 2000 operating system.
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4.1[a] DIRECT INPUT

4[a]. INPUTS

Table 4-1[a] lists the input data that are used as direct feeds to produce the outputs of

this addendum.

Table 4-1[a]. Input Data Sources

Data Description

Data Source

2.5-year general corrosion rates for
Titanium Grade 7, weight-loss specimen results only

DTN: LL030410012251.056 [DIRS 169583], file:
Ti-7 2 & one half Year Coupon Corrosion Rates Sup12
SN241.xls, worksheet: “Weightloss Rate Calcs”

General corrosion rates of Titanium Grades 7 and 29

DTN: MO0705SCCIGMO06.000 [DIRS 180869], Table 13 and
embedded Excel spreadsheet

The first item of Table 4-1[a] is a qualified DTN containing weight-loss measurement results and
calculated general corrosion rates for Titanium Grade 7 after 2.5 years of environmental
exposure. Only the weight-loss specimen data are propagated into the final model; the creviced

specimen results were not used.

The second input in Table 4-1[a] comes from the report of general corrosion rates for Titanium
Grades 7 and 29 obtained by weight-loss measurements at the General Electric Global Research
Center (GE GRC) (Andresen and Kim 2006 [DIRS 178239], Table 13). The data from this
report are reproduced here in Table 4-2[a]. These weight-loss-measured corrosion rates are in
good agreement with electrochemically measured rates obtained from the cyclic polarization
measurements (Andresen and Kim 2006 [DIRS 178239], Table 13).

Table 4-2[a].  General Corrosion Rates for Titanium Grades 7 and 29 Obtained by Weight-Loss
Measurements
Test Titanium Grade 7 Titanium Grade 29
Environment (uml/yr) (uml/yr)
TS-1 0.105469888 0.352196189
0.210939776 0.704392379
0.210939776 0.440245237
TS-2 0.316409664 0.088049047
0.316409664 0.352196189
0.316409664 0.264147142
TS-3 0.316409664 0.176098095
0.843759104 0.176098095
0.527349440 0.352196189
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Table 4-2[a]. General Corrosion Rates for Titanium Grades 7 and 29 Obtained by Weight-Loss
Measurements (Continued)

Test Titanium Grade 7 Titanium Grade 29
Environment (umlyr) (umlyr)
TS-4 0.316409664 0.176098095
0.210939776 0.264147142
0.210939776 0.440245237

Source:  MO0705SCCIGMO06.000 [DIRS 180869], from the corrosion rate
Excel spreadsheet contained in Table 13.

NOTE: The level of significant figures within this table are as found in the
source and are not intended to imply any such level of accuracy or
precision.

None of the data presented in Tables 4-1[a] and 4-2[a] are used in model validation activities.
Data used for model validation was identified within the validation section of the parent report
(Section 7).
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S5[a]. ASSUMPTIONS

No changes to Section 5 assumptions are made within this addendum.
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6[a]. MODEL DISCUSSION
6.1la] GENERAL CORROSION OF TITANIUM GRADE 7

Section 6.1[a] provides a new improved general corrosion model for the drip shields
recommended for the TSPA-LA. This new model can be considered an addition to the model in
Section 6.5 of the parent report.

General corrosion (or passive corrosion) is the uniform thinning of the drip shield at its
open-circuit corrosion potential (E,,,). General corrosion can occur under immersed conditions
or when a liquid film exists on the surface. At a given surface temperature, the existence of
liquid water on the drip shield surface depends upon the hygroscopic nature of deposits on the
surface. In the presence of such a deposit, a liquid-phase can be established at a higher
temperature and lower relative humidity than otherwise is possible. The general corrosion model
for the drip shield assumes that the general corrosion rate is constant (i.e., time-independent).
Therefore, the depth of penetration or thinning of the drip shield by general corrosion is equal to
the general corrosion rate (sampled from the rate distributions, Sections 6.1.6[a] and 6.1.7[a])
multiplied by the time over which the drip shield is subjected to degradation. This model
implementation (contained in Assumption 5.4, Section 5 of the parent report) is considered
conservative because the general corrosion rate of metals and alloys is known to decrease with
time (Section 6.1.8 of the parent report and Figure 7-1[a]).

The general corrosion of Titanium Grade 7 was initially modeled based on one-year corrosion
rate data for Titanium Grade 16, as described in Section 6.5 of the parent report.
Titanium Grade 16 has lower palladium content (e.g., 0.04 to 0.08 wt % palladium in Grade 16
vs. 0.12 to 0.25 wt % palladium in Grade 7, Table 1-1[a]) and is less corrosion resistant than
Titanium Grade 7. There is a significant uncertainty associated with the initial model, due
mainly to the short-term nature of the data (one year) and the quality of the data that was caused
by incomplete sample cleaning procedures employed in the corrosion weight-loss measurements
(Section 6.5). The corrosion rate data for Titanium Grade 7 with a longer-term exposure
(2.5-year) was determined with a more appropriate sample cleaning procedure than that used on
the one-year samples (DTN: LL030410012251.056 [DIRS 169583]). A new general corrosion
model for Titanium Grade 7 has been developed using the 2.5-year corrosion rate data (output
DTN: SNO0704PADSGCMT.001), and this new model replaces the initial model based on
one-year data documented in Section 6.5.3 of the parent report.

As is discussed in the following sections, general corrosion rates of the drip shield have been
estimated from the weight-loss data of Titanium Grade 7 samples after 2.5-year exposure in the
LTCTF (DTN: LL030410012251.056 [DIRS 169583]). The LTCTF provides a comprehensive
source of corrosion data for relevant titanium alloys in environments relevant to the repository.
The LTCTF facility is described in detail by Estill (1998 [DIRS 117697], Section 2.2), and
relevant experimental details are summarized in the next section of this addendum. The 2.5-year
weight-loss measurement data are documented in DTN: LL030410012251.056 [DIRS 169583].
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6.1.1[a] Long-Term Weight-Loss Measurements

The materials for the repository drip shield design were selected after the testing program for the
LTCTF was initiated. Titanium Grade 16, an alloy similar to Titanium Grade 7 but with lower
palladium content, was initially incorporated into the LTCTF testing program. Therefore, the
one-year and five-year corrosion rate data were obtained on Titanium Grade 16, while the
2.5-year corrosion rate data were obtained on Titanium Grade 7.

Two coupon types were used for weight-loss measurements. These are identified as weight-loss
coupons and crevice coupons whose nominal dimensions were 2 in X 1 in X % in (approximately
50 mm x 25 mm x 3 mm) and 2 in X 2 in X % in (50 mm % 50 mm X 3 mm), respectively. The
coupons had a 0.312-in (7.9-mm) diameter hole in the center for sample mounting. For both
coupon types (weight-loss and crevice), two metallurgical conditions were used (i.e., wrought
material (only base metal) and welded material). The coupons were fabricated from titanium
alloy plate stock. All weight-loss coupons were affixed using an insulating '2-in- (12.7-mm)
diameter polytetrafluoroethylene washer, while all crevice coupons were affixed using a %-in-
(19.1-mm) diameter polytetrafluoroethylene crevice former. The purpose of the crevice former
was to create an environment that might induce corrosion at the contact interface, or under
occluded conditions. Further details of the sample configuration are provided elsewhere
(Estill 1998 [DIRS 117697], Section 2.2.5).

The weight-loss measurement testing includes a wide range of plausible generic test media,
including simulated dilute water (SDW), simulated concentrated water (SCW), and simulated
acidified water (SAW). The compositions of these test media are summarized in Table 6-9[a]
(arevision to Table 7 of the parent report). Basic saturated water (BSW) could not be used in
long-term weight-loss testing because no BSW-containing tanks were installed when the LTCTF
started due to lack of formulation of BSW. Later on, BSW was formulated for use in other
testing activities discussed in the parent report. Therefore, its composition is also included in
Table 6-9[a]. The SCW test medium is three orders of magnitude (1,000x) more concentrated
than J-13 well water and is slightly alkaline (pH approximately 10). The SAW test medium is
three orders of magnitude (1,000x) more concentrated than J-13 well water and is acidic. Both
the SCW and BSW test media contain a nominal dissolved fluoride concentration of
approximately 1,400 ppm, and other test media (e.g., SDW and SAW) contain a low or
negligibly low dissolved fluoride concentration. Concentrated solutions are intended to mimic
the evaporative concentration of the electrolytes on the hot waste package surface (Estill 1998
[DIRS 117697], Section 2.2). Table 6-1[a] provides a summary of the test matrix for the
2.5-year weight-loss measurements of Titanium Grade 7, and the number of weight-loss and
crevice coupons examined in each of the test environments.

The details of the repository environmental conditions are beyond the scope of this addendum
and are discussed in Engineered Barrier System:  Physical and Chemical Environment
(SNL 2007 [DIRS 177412], Section 6). The relevance of the test media at the LTCTF to the
repository environments is discussed in Section 2.2 of Engineering Materials Characterization
Report (Estill 1998 [DIRS 117697]) and Section 6.2 of the parent report. The test media used for
this model development are plausible environments given the ionic species present in J-13 well
water and the interaction of water with the near-field environment over extended periods.
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Table 6-1[a]. Summary of Test Matrix and Number of Weight-Loss and Crevice Titanium Grade 7
Coupons Examined for Different Exposure Environments

Sample - SAW SAW SCwW SCW SDW SDW
Exposure 60°C 90°C 60°C 90°C 60°C 90°C
Weight-Loss
Vapor Phase 3 3 3 3 3 3
Crevice
Vapor Phase
Weight-Loss
Liquid Phase
Crevice
Liquid Phase
Weight-Loss
Waterline
Welded
Weight-Loss 3 3 3 3 3 3
Vapor Phase
Welded
Crevice 2+1(SA) 2+1(SA) 2+1(SA) 2+1(SA) 2+1(SA) 2+1(SA)
Vapor Phase
Welded
Weight-Loss 3 3 3 3 3 3
Liquid Phase
Welded
Crevice 2+1(SA) 2+1(SA) 2+1(SA) 2+1(SA) 2+1(SA) 2+1(SA)
Liquid Phase
Welded
Weight-Loss 1(SA) 1(SA) 1(SA) 1(SA) 1(SA) 1(SA)
Waterline

3 3 3 3 3 3

3 3 3 3 3 3

Source: DTN: LL030410012251.056 [DIRS 169583].
Output DTN: SNO705DSGCANAL.001, file: 2.5-yr Ti-7 sample sorting.x|s.

NOTE: SA = reserved for surface analyses (not subject to cleaning for weight-loss measurement).
6.1.2[a] Conceptual Approach to Modeling General Corrosion of Drip Shield

The “steady-state” passive current density measurements of Titanium Grade 7 from a series of
long-term (approximately 20 days) potentiostatic polarization tests showed that the passive
corrosion rate of the alloy is very low and not much affected by chloride ion concentration and
pH; however, the passive corrosion rate increases significantly with an increase in the fluoride
ion concentrations of water contacting the alloy (Brossia and Cragnolino 2001 [DIRS 162420],
Figure 10; Brossia and Cragnolino 2004 [DIRS 180832], Figures 8 to 10). The critical (or
minimum) fluoride ion concentration that causes a marked increase in the passive corrosion rate
is about 0.5 millimolar (mM), and the passive corrosion rate increase levels off at about
0.01 molar (or 10 mM) fluoride ion concentration (Brossia and Cragnolino 2004 [DIRS 180832],
Figure 9). The passive corrosion behaviors of Titanium Grade 2 and Grade 7 were about the
same for the environments tested by the above investigators.

For the purpose of modeling general corrosion of the drip shield in the proposed repository, an
environmental condition that could lead to elevated fluoride ion concentrations in the water
contacting the drip shield is defined as an “aggressive environmental condition” for the drip
shield general corrosion. Any other environmental condition is defined as a “benign
environmental condition.”
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Dust will settle and accumulate on the topside surfaces of the drip shields in the repository. For
drip shields that are not subject to drips, hygroscopic salts in the dust could result in brines from
the deliquescence of those salts at low relative humidity values. However, the amount of brines
that could form from dust deliquescence will be extremely small and will not be able to support
and maintain aggressive conditions (i.e., elevated fluoride concentrations) (SNL 2007 [DIRS
181267], Section 6.4.1.3). Therefore, the topside surface of the drip shields that is not subject to
seepage will not be exposed to aggressive conditions that could result in increased general
corrosion rates of the drip shields in the repository.

Geochemical interactions of some groundwater compositions relevant to the repository
environment may evolve to concentrated solutions with elevated fluoride concentrations like the
SCW used in long-term corrosion testing at the LTCTF (Section 6.2). The SCW contains a
nominal dissolved fluoride concentration of about 1400 mg/L (DTN: LL040803112251.117
[DIRS 171362], file: LL040803112251.117 Table 1.pdf). The topside surfaces of the drip shields
that are subject to seepage may be exposed to a more aggressive chemical environment and
conditions (with elevated fluoride concentrations) than those not subject to seepage. Seepage on
the topside surfaces of the drip shields may lead to conditions with elevated fluoride
concentrations that could cause increased passive dissolution rates for titanium alloys (Brossia
and Cragnolino 2001 [DIRS 162420], Figure 10; Brossia and Cragnolino 2004 [DIRS 180832],
Figures 8 to 10).

The underside surfaces of the drip shields, which seepage cannot physically contact and where
dust cannot settle and accumulate, are not expected to be exposed to aggressive conditions for
general corrosion, and therefore general corrosion will proceed under benign conditions.

Because of these environmental condition differences for exposure of the drip shield in the
repository, general corrosion of the topside and underside surfaces of the drip shields is modeled
separately using different sets of corrosion rates. A corrosion model developed for aggressive
environmental conditions is applied to the topside surface of the drip shields that are subject to
seepage (Section 6.1.6[a]). Another corrosion model developed for benign environmental
conditions is applied to the topside surface of the drip shield that is not subject to seepage and the
underside surface of all drip shields (regardless of whether the drip shields are being dripped on
or not) (Section 6.1.7[a]).

A reasonable alternative modeling approach can simplify the application of aggressive
conditions to all topside surfaces, with benign conditions only applied to the underside surfaces.
As this approach applies the higher corrosion rate from aggressive conditions to more of the drip
shield surfaces, it can be viewed as a conservative alternative (i.e., it results in an earlier failure
of a portion of the drip shields). This is the conceptual model as implemented in the TSPA at
this time (Section 8.1[a]).

6.1.3[a] Weight-Loss Data Analysis for Weight-Loss and Crevice Coupons

All general corrosion rates for Titanium Grade 7 are calculated by using weight-loss data
obtained at the LTCTF (DTN: LL030410012251.056 [DIRS 169583]). The long-term corrosion
tests performed at the LTCTF employed two types of specimen geometry (i.e., weight-loss
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specimens and crevice specimens). Both types of specimens were exposed to repository relevant
environments for two and one-half years.

The general corrosion rate measurements are based upon ASTM G 1-90 (1999 [DIRS 103515]).
The formula used to calculate the general corrosion rate from weight-loss data of the tested
materials is shown in Equation 1[a]:

9
Corrosion Rate = 87.6x10- Aw (Eq. 1[a])

p-A-t

where 87.6 x 10° is the proportionality constant (nm x cm™' x hour x year '), Aw is the
weight-loss in grams after more than 2.5 years, p is the density of Titanium Grade 7 (4.51 g/cm’)
(Haynes International 1997 [DIRS 100896], p. 13), 4 is the exposed surface area of each coupon
(cm?), and ¢ is the exposure time (hours). The exposed surface areca A4 is calculated in
Equation 2[a]:

2

m; j+ mdc (Eq. 2[a])

A=2ab+2bc+2ac—[

where a is the length of the specimen in cm, b is the width of the specimen in cm, ¢ is the
thickness of the specimen in cm, and d is the diameter of the hole in cm (see Section 6.1.1[a] for
sample dimensions). Figure 6-1[a] provides a schematic of the sample coupon.

v
d c
S *

A

a = length of the specimen in cm

b = width of the specimen in cm

¢ = thickness of the specimen in cm
d = diameter of hole in cm

Source:  For illustration only.

Figure 6-1[a]. Schematic of Specimen Used in the Weight-Loss Measurements of Titanium Grade 7
Samples in LTCTF

Calculation of the exposed surface area of the weight-loss and crevice samples using
Equation 1[a] included the area directly under the crevice former for the crevice samples and the
area directly under the sample spacer for the weight-loss samples. These areas were included
because the test solutions penetrated and wet the areas under the crevice former or sample
spacer. The inputs from DTN: LL030410012251.056 ([DIRS 169583], file: 7i-7 2 & one half
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Year Coupon Corrosion Rates Supl2 SN241.xls) used in the model analysis were the weight-loss
measurements and characteristics of the sample and exposure conditions.

Figure 6-2[a] shows comparison of the general corrosion rates of all Titanium Grade 7
weight-loss samples for different exposure conditions after a 2.5-year exposure in the LTCTF
(i.e., aqueous and vapor phase for the SAW, SCW, and SDW solutions at 60°C and 90°C). The
general corrosion rates of the weight-loss samples tested for the waterline condition for each of
the exposure environments are included in the aqueous condition subset of their respective
exposure condition. The general corrosion rates for the SCW aqueous condition at 60°C and
90°C are much higher than the rates for all other exposure conditions. Except for the SCW
aqueous conditions, all the exposure conditions have some samples with negative or zero
corrosion rates. These zero and negative corrosion rates are physically impossible because
metals are not thermodynamically stable in typical engineering applications and geologic
environments and corrode at rates that are determined by the exposure condition and
characteristics of the passive films formed on the metal surface under that exposure condition.
These negative or zero values were probably caused by incomplete removal of the tenacious
oxide films (predominantly titanium oxides, TiO,) on the surface of the sample coupons during
the post-test sampling cleaning operations.
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Source: Data DTN: LL030410012251.056 [DIRS 169583], file: Ti-7 2 & one half Year Coupon Corrosion Rates
Sup12 SN241.xls.

Output DTN: SNO705DSGCANAL.001.

NOTES: SA = SAW (simulated acidic water), SC = SCW (simulated concentrated water), SD = SDW (simulated
dilute water), AQ = aqueous phase, VP = vapor phase, 60 = 60°C, 90 = 90°C.

Figure 6-2[a]. Comparison of General Corrosion Rates of All Titanium Grade 7 Weight-Loss Samples
for Different Exposure Conditions after 2.5-Year Exposure in the LTCTF
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Comparison of the general corrosion rates of all Titanium Grade 7 crevice samples for different
exposure conditions is shown in Figure 6-3[a]. The general corrosion rates of the waterline
samples are included in the aqueous condition subset of their respective exposure condition. As
observed for the weight-loss samples, the general corrosion rates of the crevice samples tested in
the SCW aqueous condition at 60°C and 90°C are much higher than the rates for all other
exposure conditions. Again, except for the SCW aqueous conditions, all the exposure conditions
have some samples with negative or zero corrosion rates. These zero and negative corrosion
rates are physically impossible and were probably caused by incomplete removal of the
tenacious oxide films (predominantly titanium oxides, TiO,) on the surface of the sample
coupons during the post-test sampling cleaning operations.
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Source: Data DTN: LL030410012251.056 [DIRS 169583], file: Ti-7 2 & one half Year Coupon Corrosion Rates
Sup12 SN241.xls.

Output DTN: SNO705DSGCANAL.001.

NOTES: SA = SAW (simulated acidic water), SC = SCW (simulated concentrated water), SD = SDW (simulated
dilute water), AQ = aqueous phase, VP = vapor phase, 60 = 60°C, 90 = 90°C.

Figure 6-3[a]. Comparison of General Corrosion Rates of All Titanium Grade 7 Crevice Samples for
Different Exposure Conditions after 2.5-Year Exposure in the LTCTF

The post-test stereomicroscopic and scanning electron microscopic observations of weight-loss
and crevice specimens indicated little or no signs of corrosion. The machining grooves remained
uniform and sharp throughout each coupon. No crevice corrosion was observed on any of the
tested coupons.

Figure 6-4[a] shows the empirical cumulative distribution functions (ECDFs) of the calculated
general corrosion rates of the weight-loss and crevice coupons. In constructing the ECDFs, the
cumulative probability values of the general corrosion rate (except the upper and lower bounds)
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were calculated by the positions given by Equation 3[a] (Stedinger et al. 1993 [DIRS 105941],
Section 18.3.2):

_i-05

n

q; (Eq. 3[a])

where ¢; is the cumulative probability of the ith smallest event (e.g., general corrosion rate) and n
is the total number of events. The formula in Equation 3[a] is a traditional choice for probability
plotting (Stedinger et al. 1993 [DIRS 105941], Section 18.3.2).

For each of the weight-loss and crevice coupon data sets, the ECDF combines all the data subsets
for the different exposure conditions (aqueous phase, waterline, and vapor phase for the SAW,
SCW, and SDW solutions at 60°C and 90°C) and sample conditions (mill-annealed and as-
welded). The ECDFs present the data trends and comparative analysis of the weight-loss and
crevice coupon data sets. About half of both the weight-loss and crevice coupon data sets have
either zero or negative corrosion rates: 38 out of 78 data points for weight-loss samples, and 30
out of 60 data points for crevice samples.
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Source: Data DTN: LL030410012251.056 [DIRS 169583], file: Ti-7 2 & one half Year Coupon Corrosion Rates
Sup12 SN241.xls.

Output DTN: SNO0704PADSGCMT.001, file: Ti-7_2.5yr_Crevice Coupon Data Analysis.xIs.

Figure 6-4[a]. Empirical Cumulative Distribution Functions for General Corrosion Rate of All Titanium
Grade 7 Weight-Loss and Crevice Samples after 2.5-Year Exposure in the LTCTF

Because negative or zero corrosion rates for metals are physically impossible in typical geologic
exposure environments, those negative or zero corrosion rates measured for Titanium Grade 7
are excluded from further data and model analysis. For the weight-loss samples the average
general corrosion rate for all the samples is 6.36 nm/yr, and the average rate for the samples with
positive corrosion rates (i.e., excluding those with negative or zero values) is 13.42 nm/yr. For
the crevice samples, the average general corrosion rate for all the samples is 2.75 nm/yr, and the
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average rate for the samples with positive corrosion rates (i.e., excluding those with negative or
zero values) 1s 8.32 nm/yr. The maximum general corrosion rates for the weight-loss and crevice
samples are 49.70 nm/yr and 38.45 nm/yr, respectively. The weight-loss samples systematically
have higher corrosion rates than the crevice samples.

Weight-loss sample data are selected for further use as the basis for the drip shield general
corrosion rate model. They were experimentally designed for this purpose, and the observation
of slightly lower corrosion rates for the creviced samples is not well understood. This is further
discussed in Section 6.1.5[a].

6.1.4[a] Evaluation of Uncertainty Due to Weight-Loss Measurements

As discussed in Section 6.1[a], the 2.5-year-exposure Titanium Grade 7 data were used for the
base-case general corrosion model for the drip shield. Therefore, it is important to adequately
quantify the uncertainty associated with the data and propagate it into the general corrosion
model. This section documents the analyses performed to quantify the uncertainty in the general
corrosion rates of Titanium Grade 7 calculated from the LTCTF 2.5-year-exposure weight-loss
measurements. Most of the uncertainty results from insufficient resolution of the weight-loss
measurements of the samples due to the extremely low corrosion rates of the alloy in the test
media. Measurement uncertainty was the main source of uncertainty. The method used in
measurement uncertainty analysis is presented in this section. The method enables sound
interpretation of the general corrosion data shown in Section 6.1.3[a] and application of the data
in the waste package degradation analysis.

Consider a measurand Y, which is not measured directly but determined from N other quantities
X,,X,,...,X, through a functional relationship f defined in Equation 4[a] as follows:

Y=f(X,, X, Xy) (Eq. 4[a])

An estimate of the measurand Y, denoted by y, is obtained using input estimates x,,x,,...,x, for
the values of N input quantities X, X,, -, X, . The output estimate y is given by Equation 5[a]:

y=F 0%, xy) (Eq. 5[a])

The combined uncertainty of the measurement result y, designated by Ay, is given by

Equation 6[a], the law of propagation of uncertainty (Taylor and Kuyatt 1994 [DIRS 162260],
Appendix A):

N 2 N-1 N
d J 2 d
S v B W Eq. 6[a
’ \/z(o& 2L 0 e (Eq. 6[a])
In Equation 6[a], the partial derivatives i are the sensitivity coefficients, Ax, is the standard

uncertainty associated with the input estimate, x;,, and Axx; is the estimated covariance
associated with x; and x,.
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Referring to Figure 6-1[a] and Equation 2[a], the schematic of the Titanium Grade 7 sample used
in the weight-loss measurement in the LTCTF, the exposed surface area of the sample is expressed
by Equation 7[a]:

2

”;l j+ 7dc (Eq. 7[a])

A=2ab+2bc+2ac—(

Referring to Equation 1[a] and letting the dependent variable y be the 2.5-year general corrosion
rate measured in the LTCTF, the equation for the general corrosion rate is expressed by
Equation §[a]:

P _ w (Eq. 8[a))

y=-r
dt 7d?
pxt(2ab+2bc+2ac—( 5 j+7rdcj

where y is the corrosion rate in cm per hour, ¢ is the time of exposure in hours, w is the average
weight-loss during the time, ¢, in grams, and p is the density in grams per cubic centimeter. The

combined uncertainty of the measurement result, y, the corrosion rate, is calculated using the law
of propagation of uncertainty in Equation 9[a] (Taylor and Kuyatt 1994 [DIRS 162260],
Appendix A):

= (2] aw o[ 2] a0+ (2) (2] a0 (2] w5 +(2) a2

(Eq. 9[a])

where w, p, ¢, a, b, ¢, and d were considered independent; hence, the covariance terms disappear.

The partial derivatives are given in Equations 10[a] through 16[a]:

%: ! (Eq. 10[a])

wZ
pxt(2ab+2bc+2ac—{ 5 j+ﬂ'dc}

;,i=— W (Eq. 11[a])

2 d’
p-xt| 2ab+2bc+2ac - 5 + mdc

2 — (Eq. 12[a))
pxtz[Zab+2bc+2ac—( 5 ]+7[ch
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%: B 2w(b+c) 2 i (Eq. 13[a])
pxt[2ab+2bc+2ac—(mzl j+7rdc]

% _ 2w(a+c) 2 : (Eq. 14[a])
pxt[Zab+2bc+2ac—(m2Zj+ﬂ'dcj

%:_ w[2(a+b)+ md] : : (Eq. 15[a])
pxt(2ab+2bc+2ac—(m§ J+7Z'dcj

P wale=d) (Eq. 16[a))

07d ﬂ_dz 2
pxz{2ab+2bc+2ac—( 5 j-i-ﬂ'dCJ

The maximum error in the corrosion rate is estimated by calculating numeric values of the partial
derivatives from expected values of the independent variables, multiplying each partial
derivative by the corresponding error (i.e., standard uncertainty) associated in the independent
variables (4w, Ap, At, Aa, Ab, Ac, and Ad), and summing the resulting products.

The combined standard uncertainty in the measurement of the corrosion rates was estimated with
Equation 9[a] by calculating numeric values of the partial derivatives from expected values of
the input variables and their estimated standard uncertainties. Those values and intermediate
calculation steps are tabulated in Table 6-2[a].

Upon examining the sensitivity coefficients in Equation 9[a], it was found that Ay was most
sensitive to the estimate of Aw. Because Aw was most influential on Ay, a detailed description of
how Aw was calculated is given below. The Mettler AT200 balance was used to measure the
weight of the specimens. The balance displays mass measurements to 0.1 mg. For instance, the
readout might indicate a mass of 60.2675 grams for the weight of a specimen. If the balance
employs standard round-off practice, then the displayed number is derived from a value that lies
between 60.26745 grams and 60.26755 grams. The mass has an equal probability of lying
between those two numbers. This would indicate that the error term has a uniform distribution.
If w, = original weight of the specimen and w, = final weight of the specimen, then

w,=,+10¢, and w,=4,+10"g,. That is, the mass = true mass + error term, and
& ~U(-0.5,0.5), and &, ~U(-0.5,0.5). Equation 17[a] gives the weight-loss due to corrosion:

w=w, —w, = (4 _ﬂ2)+1074(81 -&) (Eq. 17[a])
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where (4, —ut,) is the true difference in mass and 107*(¢ —¢,) is the error term. The error
term (& —&,) has a triangular distribution (Papoulis 1965 [DIRS 162236], pp. 189 to 192)
between —1 and 1 (i.e., (¢ —¢&) ~ triangular (—1, 1, 0)); for this distribution the standard
deviation is equal to:

s=— =041 (Eq. 18[a])

6

Therefore, Aw = 0.41 x 10~ g. The summary of the measurement uncertainty analysis for the
2.5-year data based upon this method is shown in Table 6-3[a].

Table 6-2[a]. Measurement Uncertainty Analysis for Corrosion Rates Based upon Weight-Loss
Measurements for Titanium Grade 7 after 2.5-Year Exposure in the LTCTF

Parameters Units Crevice Coupons Weight-Loss Coupons
w g 0.0005 0.0005
P glem?® 4.51 4.51
t hour 21,900 21,900
a cm 5.08 5.08
b cm 5.08 2.54
c cm 0.3048 0.3048
d cm 0.7925 0.7925
AW g 4.100%x107° 4100 x 107°
Ap glem® 0.1 0.1
At hour 24 24
Aa cm 0.00254 0.00254
Ab cm 0.00254 0.00254
Ac cm 0.00254 0.00254
Ad cm 0.00254 0.00254
Surface Area cm? 57.5787 30.2239
ay/ow — 1.758 x 1077 3.350 x 1077
ay/dp — -1.949 x 107" -3.714x 107"
dy/ot — -4.015x 107" -7.648 x 107"
dy/oa — -1.644 x 107" -3.153 x 107"
dy/ob — -1.644 x 107" -5.968 x 107"
ay/ac — -3.103x 107" -8.446 x 107"
dy/od — 2.340x 1072 8.491 x 1072
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Table 6-2[a]. Measurement Uncertainty Analysis for Corrosion Rates Based upon Weight-Loss
Measurements for Titanium Grade 7 after 2.5-Year Exposure in the LTCTF (Continued)

Parameters Units Crevice Coupons Weight-Loss Coupons
(Qy/owW)’AwW? — 5.198 x 1072 1.886 x 10™%
(Ay/9p)*Ap® — 3.800 x 1072 1.379x 1072
(y/aty’At? — 9.283 x 107% 3.369 x 1072
(dy/0a)’Aa’ — 1.745 x 107 6.414 x 107
(9y/ob)*Ab? — 1.745 x 107 2.298 x 107%
(dy/ac)*Ac? — 6.211x 107 4,602 x 107%¢
(dy/od)*Ad? — 3.531x 107 4.651x107%
Ay cm/hr 7.470 x 107" 1.423 x 107"
Ay um/yr 6.543 x 107 1.247 x 107
Ay nm/yr 0.654 1.247

Output DTN: SN0704PADSGCMT.001, file: Ti-7_2.5 yr Measurement_Uncertainty Analysis.xls.

As shown in the last row of Table 6-2[a], the combined standard uncertainty in the measurement
is estimated to be approximately 0.654 nm/yr for the crevice samples and 1.247 nm/yr for the
weight-loss samples. These estimates correspond to one standard deviation (l1o). As
summarized in Table 6-3[a], for the crevice coupons, approximately 6% of the variation in the
measured general corrosion rate is due to the measurement uncertainty (calculated by dividing
the measurement uncertainty (0.654 nm/yr) by the corrosion rate uncertainty (10.976 nm/yr)),
and 94% of it is from the variations of the corrosion rate among the specimens. For the weight-
loss coupons, approximately 8% of the variation in the measured general corrosion rate is due to
the measurement uncertainty, and 92% of it is from the variations of the corrosion rate among
the specimens.

Table 6-3[a]. Summary of Measurement Uncertainty Analysis for Corrosion Rates Based upon
Weight-Loss Measurements for Titanium Grade 7 after 2.5-Year Exposure in the LTCTF

Mean Corrosion
Sample Configuration Avg. Weight Loss Ay Rate Standard Deviation
(9) (nmlyr) (nmlyr) (nmlyr)
Weight-Loss Coupons 0.0005 1.247 13.421 15.347
Crevice Coupons 0.0005 0.654 8.324 10.976

Output DTN: SNO704PADSGCMT.001, file: Ti-7_2.5 yr Measurement_Uncertainty Analysis.xls.

NOTE: Zero and negative values are not included.

If the entire data set were taken for model analysis, only a small amount (approximately
6% to 8%) of the total variation in the measured general corrosion rate of the Titanium Grade 7
samples is due to the measurement uncertainty. Therefore, all (100%) of the measured variation
could be considered due to the variability in the general corrosion processes for modeling
purposes. As is discussed in Section 6.1.5[a], the weight-loss coupon data are divided into three
groups with distinctively different rate distributions, and the measurement uncertainty is
analyzed for each data group following the same method (Table 6-5[a]).

ANL-EBS-MD-000004 REV 02 AD 01 6-13 August 2007



General Corrosion and Localized Corrosion of the Drip Shield

6.1.5[a] General Corrosion Data Selection and Analysis

All general corrosion rates for Titanium Grade 7 are calculated by using weight-loss data
obtained at the LTCTF (output DTN: SNO0704PADSGCMT.001). The long-term corrosion tests
performed at the LTCTF employed two types of specimen geometry (i.e., weight-loss specimens
and crevice specimens). Both types of specimens were exposed to repository-relevant
environments for 2.5 years.

As was discussed in Section 6.1.3[a], negative or zero general corrosion rates were measured for
some weight-loss and crevice samples (except those tested in the SCW aqueous conditions).
These negative or zero corrosion rates (indicating weight gains or no weight change) are
physically impossible because metals are not thermodynamically stable in typical engineering
and geologic application environments and corrode at rates that are determined by the exposure
condition and characteristics of the passive films formed on the metal under that exposure
condition. These negative or zero values are experimental artifacts and were probably caused by
incomplete removal of the tenacious oxide films (predominantly titanium oxides, TiO;) on the
surface of the sample coupons during the post-test sampling cleaning operations. Therefore,
those negative or zero corrosion rates measured for Titanium Grade 7 are excluded from further
data and model analysis.

Exclusion of the negative and zero corrosion rates is further justified because of the unrealistic
aspect of general corrosion damages of the drip shields that would be predicted by a general
corrosion model that incorporated such negative and zero rates. The probabilistic general
corrosion model for the drip shields, as will be implemented in TSPA, assumes that the general
corrosion rate is constant (i.e., time-independent), and the same general corrosion rates sampled
from the probabilistic model are used for the entire simulation period in TSPA. This means that
sampling of zero or negative general corrosion rates in TSPA will result in no general corrosion
damage or thickness gains of drip shields to be evaluated in TSPA.

The ECDFs of the resulting corrosion rates for the weight-loss and crevice samples (excluding
negative and zero rates) are shown in Figure 6-5[a]. The corrosion rates for the crevice coupons
are  systematically lower than those for the weight-loss coupons (output
DTN: SNO0704PADSGCMT.001]), and cannot be satisfactorily explained at this time. The
crevice geometry coupons were used to evaluate crevice corrosion susceptibility of the titanium
alloy in the LTCTF test media and are not ideal for a quantitative assessment of the general
corrosion behavior. It is pointed out here that no localized crevice corrosion attack was noted on
any specimens. The corrosion rate measurements from the crevice geometry coupons were not
used for the model development. Furthermore, the inclusion of the crevice coupon data will
result in lower modeled general corrosion rates, and using the weight-loss coupon data only is
both conservative and appropriate. Accordingly, only the corrosion rates determined from the
weight-loss geometry coupons were used for the model development. For the weight-loss
samples (excluding those with negative or zero values), the general corrosion rates range from
2.88 nm/yr to 49.7 nm/yr, with an average rate of 13.42 nm/yr.

The above ECDF for the weight-loss samples includes data from three waterline weight-loss

samples (2.93 nm/yr for SAW at 60°C, 8.74 nm/yr for SCW at 60°C, and 23.15 nm/yr for SCW
at 90°C). These data were excluded from further data and model analysis because of potential
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“mixed effects” of environmental exposure conditions, particularly from the fluoride ion
concentration in the testing media that is not present in the vapor phase. The corrosion rates for
these “mixed effect” data lie somewhere between their corresponding immersed and vapor
specimen result, as would be expected, so no information is being lost by their further exclusion.

1.00
2075 ¢
=
©
o
(]
E L
o 0.50 |
2 r
=}
?“: —o— Crevice coupons
:E; —-O— Weight loss coupons
O3 0.25 -
000 F&O——
0 10 20 30 40 50 60

Corrosion rate (nm/yr)

Source: Data DTN: LL030410012251.056 [DIRS 169583], file: Ti-7 2 & one half Year Coupon Corrosion Rates
Sup12 SN241.xls.

Output DTN: SNO0704PADSGCMT.001, file: Ti-7_2.5yr_Crevice Coupon Data Analysis.xIs.
Figure 6-5[a]. Empirical Cumulative Distribution Functions for General Corrosion Rate of Titanium

Grade 7 Weight-Loss and Crevice Samples with Positive Corrosion Rates after 2.5-Year
Exposure in the LTCTF

Figure 6-6[a] compares the general corrosion rates of the Titanium Grade 7 weight-loss samples
(excluding waterline sample data and those with negative and zero corrosion rates) for different
exposure conditions in the LTCTF (i.e., aqueous and vapor phase for the SAW, SCW, and SDW
solutions at 60°C and 90°C). This is the data set that was considered during the model
development. Figure 6-6[a] shows that the general corrosion rates for the SCW aqueous
condition at 60°C and 90°C are much higher than the rates for all other exposure conditions.
Symbol ‘@’ in the figure shows the average value for the data subset for each exposure
condition. Note that the SCW aqueous condition contains a nominal dissolved fluoride
concentration of approximately 1,400 mg/L (DTN: LL040803112251.117 [DIRS 171362], file:
LL040803112251.117 Table 1.pdf), and elevated fluoride concentrations have been reported to
increase the passive dissolution rate of titanium alloys (Brossia and Cragnolino 2001
[DIRS 162420], Figure 10; Brossia and Cragnolino 2004 [DIRS 180832], Figures 8 to 10).

Examination of the data shows that the weight-loss coupon data for the SCW aqueous condition
at 60°C and 90°C have significantly higher means (as indicated by symbol ‘@’ in Figure 6-6[a])
than the other experimental combinations, and that these combinations are significantly different
from one another. Those three different data subsets are: (1) SCW aqueous condition at 90°C
with an average rate of 46.067 nm/yr; (2) SCW aqueous condition at 60°C with an average rate
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of 16.148 nm/yr; and (3) remainder of data with an average rate of 5.149 nm/yr. The different
rate distributions of those three data subsets can be more clearly shown in a bar chart of the same
data as shown in Figure 6-7[a].

60

50

86

40

30

201

ogP OO0

10

88 oo

. ® & 5‘85@@0

o
8

Corrosion Rate (nm/yr)

-10

Q?Q QS)Q 9% 96 Q?Q QS)Q 9% c/))Q Q?Q O?Q 9%
NS S oS 5 S > M N S, |
(oy/ (ov/ g?‘ c,?“ 13 7/ < 7/ S S (OQ/ ‘OQ/ S

Exposure Environment

Source: DTN: LL030410012251.056 [DIRS 169583], file: Ti-7 2 & one half Year Coupon Corrosion Rates Sup12
SN241.xls.

Output DTN: SNO705DSGCANAL.001.

NOTES: SA = SAW (simulated acidic water), SC = SCW (simulated concentrated water), SD = SDW (simulated
dilute water), AQ = aqueous phase, VP = vapor phase, 60 = 60°C, 90 = 90°C.

Symbol ‘@’ in the figure shows the average value for the data subset for each exposure condition.

Figure 6-6[a]. Comparison of General Corrosion Rates of Titanium Grade 7 Weight-Loss Samples with
Positive Rates for Different Exposure Conditions after 2.5-Year Exposure in the LTCTF

The above grouping of the data is consistent with available literature data for passive corrosion
of Titanium Grade 7 (and other similar titanium alloys). The “steady-state” passive current
density measurements of the alloy from a series of long-term (approximately 20 days)
potentiostatic polarization tests showed that passive corrosion rate of Titanium Grade 7 is very
low and little affected by chloride ion concentration and pH; however, the passive corrosion rate
increases significantly with an increase in the fluoride ion concentrations of water contacting the
alloy (Brossia and Cragnolino 2001 [DIRS 162420], Figure 10; Brossia and Cragnolino 2004
[DIRS 180832], Figures 8 to 10). The critical (or minimum) fluoride ion concentration that
causes a marked increase in the passive corrosion rate is about 0.5 millimolar (mM), and the
passive corrosion rate increase levels off at about 0.01 molar (or 10 mM) fluoride ion
concentration (Brossia and Cragnolino 2004 [DIRS 180832], Figure 9).
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Figure 6-7[a]. Comparison of General Corrosion Rates of Titanium Grade 7 Weight-Loss Samples for
Different Exposure Conditions Used in the Model Development

The SDW and SAW aqueous conditions and the vapor phase conditions of all water types
(including SCW) represent a wide range of dissolved chloride ion concentrations and pH, and the
Titanium Grade 7 general corrosion rates are low and show a relatively tight distribution (except
for three data points) for those exposure conditions. In addition, the SAW and SDW solutions
have negligibly small fluoride ion concentrations, and the corrosion rates of the samples tested in
these solutions are not much different from those of all other conditions (except SCW aqueous
conditions). As discussed before, only the samples tested in the SCW aqueous conditions
(containing approximately 1,400 mg/L or 0.07 M fluoride ion concentration) show significantly
high corrosion rates. The fluoride concentration in the SCW solution is well above the fluoride
concentration level (i.e., 0.01 M) at which the measured passive corrosion rates reach a
steady-state rate. Note that the corrosion data for the 60°C and 90°C SCW aqueous phase
indicate a trend of temperature dependence of the Titanium Grade 7 general corrosion rate for
the SCW-like aqueous conditions. However, a temperature dependence of the general corrosion
for the SCW-like aqueous conditions was not modeled. Modeling of the temperature
dependence would result in lower modeled general corrosion rates for the drip shields for most
of the repository time period, and therefore not applying the temperature dependence is
conservative (see Section 6.1.8[a] for additional discussions on this issue).
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Accordingly, the resulting weight-loss data set was divided into three groups with distinctively
different rate distributions, namely, aggressive condition (SCW aqueous condition at 90°C),
intermediate condition (SCW aqueous condition at 60°C), and benign condition (“remainder
data) (see Table 6-4[a]). The data subsets for the two bounding conditions (aggressive
condition and benign condition) were used for the model development and analysis.

Table 6-4[a]. Titanium Grade 7 General Corrosion Rates from Weight-Loss Geometry Coupons Used in
the Drip Shield General Corrosion Model

Aggressive Condition Intermediate Condition Benign Condition
(SCW Aqueous at 90°C) (SCW Aqueous at 60°C) (Remainder Data)
(nml/yr) (nml/yr) (nml/yr)

43.57 2.92 2.88
43.63 11.83 2.89
43.75 14.83 2.89
46.29 17.64 2.90
49.46 23.37 2.9
49.70 26.30 2.92
2.94
2.94
2.94
2.94
2.94
2.95
2.95
2.96
2.96
2.96
5.77
5.84
5.87
5.88
5.88
5.90
14.49
14.59
17.64

Source:  Output DTN: SNO704PADSGCMT.001, file: Ti-7_2.5yr WL Coupon Data Analysis.xls.

Figure 6-8[a] shows the empirical cumulative distribution functions (ECDFs) for the general
corrosion rates of Titanium Grade 7 weight-loss coupons for the three different environmental
conditions used in the drip shield general corrosion model development. Following the same
procedures described in Section 6.1.4[a] and summarized in Table 6-2[a], analysis was
performed to evaluate the measurement uncertainty for each of the above three sample groups
and to quantify its contribution to the total variation in the measured general corrosion rates for
each group. The analysis results are summarized in Table 6-5[a]. As shown in Table 6-5[a], the
combined standard uncertainty in the measurement is estimated to be approximately 1.210 nm/yr
for the benign condition group samples, 1.247 nm/yr for the intermediate condition group
samples, and 1.594 nm/yr for the aggressive condition group samples. These estimates
correspond to one standard deviation (10). The contribution of measurement uncertainty to total
variation was found for each sample population by dividing the combined measurement
uncertainty by the standard deviation.
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As summarized in the last column of Table 6-5[a], for the benign condition group samples,
approximately 29% of the total variation in the measured general corrosion rate is due to the
measurement uncertainty, and 71% of it is from the variations of the corrosion rate among the
For the aggressive condition and intermediate condition group samples, the
contribution of the measurement uncertainty to the total variation in the general corrosion rates is
55% and 15% respectively, and the rest of the total variation is due to the variability in the

specimens.

general corrosion processes.
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Figure 6-8[a].
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ECDFs for General Corrosion Rates of Titanium Grade 7 Weight-Loss Samples for
Different Exposure Conditions Used in the Model Development

Table 6-5[a]. Summary of Measurement Uncertainty Analysis for Weight-Loss Coupon Corrosion Rates
for the Three Groups for Different Environmental Conditions Used in the Drip Shield
General Corrosion Model Analysis

Combined Sample Contribution of
Measurement Mean Sample Measurement
Sample Sample Avg. Weight Uncertainty | Corrosion Standard Uncertainty
Group Population Loss Ay Rate Deviation | to Total Variation
(9) (nm/yr) (nm/yr) (nm/yr) (%)
Benign 25 0.0002 1.210 5.149 4.155 29.12
Condition
Intermediate 6 0.0005 1.247 16.148 8.400 14.85
Condition
Aggressive 6 0.0016 1.594 46.067 2.909 54.80
Condition

Output DTN: SNO704PADSGCMT.001, file: Ti-7_2.5 yr Measurement_Uncertainty Analysis.xls.

ANL-EBS-MD-000004 REV 02 AD 01

6-19

August 2007



General Corrosion and Localized Corrosion of the Drip Shield

Though there is this acknowledged variability in the general corrosion processes it does not need
to be considered within TSPA. That is because the primary mechanism of drip shield failure is
overall structural response. The structural response is based upon discrete set of drip shield
thicknesses (e.g., 15, 10, and 5 mm cases) in Seismic Consequence Abstraction (SNL 2007
[DIRS 176828], Section 6.10). A variability treatment is developed in Sections 6.1.6[a]
and 6.1.7[a] for possible sensitivity analysis.

6.1.6[a] Drip Shield General Corrosion Model for Aggressive Environmental Conditions

Geochemical interactions of some groundwater compositions relevant to the repository
environment may evolve to concentrated solutions with elevated fluoride concentrations like the
SCW used in long-term corrosion testing at the LTCTF (Section 6.2 of the parent report).

6.1.6.1[a] General Corrosion Rate Variability for Aggressive Environmental Conditions

As was discussed in Section 6.1.2[a], the topside surface of the drip shield that is subject to
seepage in the repository may become exposed to relatively aggressive environmental conditions
with elevated dissolved fluoride concentration such as in the SCW environment. The six data
points given for the aggressive condition in Table 6-4[a] were used to develop a probabilistic
general corrosion model for the aggressive condition. This model is applied to the topside
surface of the drip shield that is subject to seepage (or alternatively on all topside surfaces
(Section 6.3.2[a)])).

Assuming that the underlying model for the corrosion rate variability is normal, a normal
probability model was fit to the aggressive condition sample data. The sample mean (X ) and
sample standard deviation (s) for the aggressive condition data are calculated by Equations 19[a]
and 20[a] (Scheaffer and McClave 1990 [DIRS 154197], Section 5.1):

6

Y 276.40

=46.067 (Eq. 19[a)])

=2.909 (Eq. 20[a])

Note that about a half of the total variation in the aggressive condition data is due to the
measurement uncertainty (Table 6-5[a]). For the modeling purpose, the entire variation in the
data is assumed to be due to the variability in the corrosion process. The resulting normal
probability model represents the variability in the drip shield general corrosion rates for the
aggressive conditions. The variability in the general corrosion rate is likely due to the
randomness of the corrosion process under the conditions in the exposure environment.
Figure 6-9[a] shows the variability distribution of the model (labeled as “Normal Fit to the
Data”). As discussed in Section 6.1.6.2[a], the uncertainty in the corrosion model
(Equations 19[a] and 20[a]) is characterized by assuming that the mean of the corrosion model is
uncertain. The distribution for the uncertain mean is also shown in Figure 6-9[a].
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Figure 6-9[a]. Drip Shield General Corrosion Model for Aggressive Environmental Conditions along with
the ECDF for the Experimental Data Used for the Model Analysis

Many probability models can typically be utilized with small samples such as this. For example,
consider the Lilliefors test for normality (Lilliefors 1967 [DIRS 102491]) shown in Figure
6-10[a]. To perform this test, the above sample values are first standardized by subtracting the
sample mean and dividing by the standard deviation, as shown in Equation 21[a]:

+ X, —46.067
X =T (Eq. 21[a])
These standardized values, which have a mean of zero and a standard deviation of 1, are plotted
as an ECDF in Figure 6-10[a]. The blue S-shaped curve in Figure 6-10[a] is the cumulative
distribution function (CDF) for the standard normal distribution to which the ECDF is to be
compared. The red curves are a constant distance of 0.321 above and below the blue curve
except where they are bounded by zero and one. If the ECDF remains within the two red
bounds, then the assumption of normality is reasonable for these data. That is, normality has not
been proven for these data; rather the Lilliefors test shows that the assumption of normality is not
unreasonable. The red bounds are a function of sample size (n = 6) and the level of significance
(o0 = 0.05). Tables for other combinations of n and o can be found in Practical Nonparametric
Statistics (Conover 1999 [DIRS 181344], Table A14).
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Figure 6-10[a]. Lilliefors Test for Normality for the Aggressive Condition Data
6.1.6.2[a] Uncertain Mean Corrosion Rate for Aggressive Environmental Conditions

Because of the small number of data points used for the model fitting, the above corrosion model
for the aggressive condition is uncertain. The uncertainty of the normal probability model
(representing the general corrosion rate variability) was developed by assuming that the mean of
the normal probability model is uncertain. The Student’s ¢-distribution (Bulmer 1979
[DIRS 111961], pp. 132 to 135) was used to characterize the uncertainty in the mean of the fitted
normal probability model. Accordingly, the uncertainty in the mean of the corrosion variability
model is characterized as a Student’s #-distribution with a mean of 46.067 nm/yr (X ), a standard

deviation of 1.19 nm/yr (s/\/; ), and the number of degrees of freedom of n — 1, where n = 6.

The distribution for the uncertain mean of the drip shield general corrosion model for aggressive
environmental conditions is presented in Figure 6-9[a], along with the corrosion rate variability
distribution for the mean rate of 46.067 nm/yr (i.e., mean of the uncertain mean distribution) and
the ECDF of the experimental data used for the model analysis. The model is applied to the
topside surface of the drip shield that is subject to seepage.

Figure 6-11[a] shows the corrosion rate (variability) distributions for the mean values sampled at
the 2.5th percentile and 97.5th percentile (43.014 nm/yr and 49.119 nm/yr, respectively) of the
Student’s #-distribution (uncertain mean) for the aggressive environmental condition. Note that
the variance of the corrosion rate variability distribution (i.e., the normal probability model)
remains the same, and the variability distribution is shifted along the x-axis according to the
mean value of the variability distribution sampled from the uncertain mean distribution (i.e., the
Student’s z-distribution).
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Figure 6-11[a]. General Corrosion Rate Variability Distributions for the 2.5 Percentile and 97.5 Percentile
Mean Values for Aggressive Environmental Condition

6.1.7[a] Drip Shield General Corrosion Model for Benign Environmental Conditions

As discussed in Section 6.1.2[a], the topside surface of the drip shield that is not subject to
seepage and the underside surfaces of all drip shields (which seepage cannot physically contact
and where dust cannot settle and accumulate) are likely subject to benign environmental
conditions for all time in the repository. The 25 data points listed for the benign condition in
Table 6-4[a] were used to develop a probabilistic general corrosion model for the drip shield
under benign conditions. This model is applied to the topside surface of drip shields that are not
subject to seepage and the underside surfaces of all drip shields (regardless of whether they are
being seeped on or not).

Note that approximately 30% of the total variation in the benign condition data is due to the
measurement uncertainty (Table 6-5[a]). For the modeling purpose, the entire variation in the
data is assumed to be due to the variability in the corrosion process. The description of the
general corrosion model for the benign condition is split into two parts. First is the
characterization and quantification of the uncertainty in the general corrosion model for the
benign environmental condition. Second is the description of the corrosion rate variability model
that represents the data.
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6.1.7.1[a] Uncertain Mean Corrosion Rate for Benign Environmental Condition

As in the general corrosion model for the aggressive environmental condition, the uncertainty of
the general corrosion model for the benign environmental condition was developed by assuming
that the mean of the probability model for the corrosion rate variability is uncertain. The central
limit theorem (Scheaffer and McClave 1990 [DIRS 154197], Section 6.5) was used to
characterize the uncertainty in the mean of the sample (25 data points in Table 6-4[a]). The
central limit theorem states that the distribution of the sample mean, randomly selected from any
infinite population having a finite variance, becomes approximately normal in form as sample
population (7 ) increases, regardless of the distribution of the sample population. The mean of
this normal distribution is the same as the mean of the underlying population mean, with a
standard deviation given by the standard deviation of the sampled population divided by the
square root of n (Scheaffer and McClave 1990 [DIRS 154197], Section 6.5).

The sample mean (x) and sample standard deviation (s) for the benign condition data are
calculated by Equations 22[a] and 23[a]:

25

Sx
= ' 128.73

x=E—=—"""=5149 Eq. 22[a
== (Eq. 22[al)

=4.155 (Eq. 23[a])

where x; represents the individual benign corrosion rate values from Table 6-4[a]. Therefore,
the uncertainty in the mean is characterized by a normal distribution with a mean (£, s ., ) Of

5.149 nm/yr and standard deviation (0 4 ., ) glven by Equation 24[a]:

4155 _ 831 (Eq. 24[a])

O-x(BC,unc) = \/g

The distribution for the uncertainty in the mean of the drip shield general corrosion model for the
benign environmental conditions is shown in Figure 6-12[a], along with the ECDF of the
experimental data used for the model analysis. The mean corrosion rate ranges from
2.581 nm/yr at 0.1 percentile to 7.717 nm/yr at 99.9 percentile.
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Figure 6-12[a]. Drip Shield General Corrosion Model for Benign Environmental Conditions along with the
ECDEF for the Experimental Data Used for the Model Analysis

6.1.7.2[a] Corrosion Rate Variability for Benign Environmental Condition

The benign environmental condition data consist of 16 values between 2.88 and 2.96 nm/yr; six
values between 5.77 and 5.90 nm/yr; two values of 14.49 and 14.59 nm/yr; and one value of
17.64 nm/yr. These data are very much “clustered,” and, as such, no probability distribution will
fit the entire data set. Figures 6-13[a] to 6-17[a] show Minitab fits to these data for normal,
lognormal, gamma, Weibull, and exponential distributions, respectively.

The legends in Figures 6-13[a] to 6-17[a] give the Anderson-Darling statistic and the p-value
associated with the goodness-of-fit test for the respective probability model. These values are
summarized in Table 6-6[a].

Table 6-6[a]. Summary of Minitab Fitting Statistics for Benign Environmental Condition Data

Probability Model Anderson-Darling Statistic p-value
Normal 4.338 < 0.005
Lognormal 3.447 < 0.005
Gamma 3.744 < 0.005
Weibull 3.529 <0.010
Exponential 3.987 <0.003

Source: Output DTN SNO705DSGCANAL.001.

The small p-values presented in Table 6-6[a] indicate that, in the strictest sense, none of these
models is entirely representative for these data. Figure 6-18[a] shows the ECDF for the benign
condition corrosion data compared to the CDFs for gamma, Weibull, and lognormal
distributions. While none of these three models fits this type of clustered data well, each
provides a qualitatively similar level of approximation.
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Figure 6-13[a]. Minitab Fit of Normal Probability Model for the Benign Environmental Condition Data
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Figure 6-14[a]. Minitab Fit of Lognormal Probability Model for the Benign Environmental Condition Data

ANL-EBS-MD-000004 REV 02 AD 01 6-26

August 2007



General Corrosion and Localized Corrosion of the Drip Shield

Goodness of Fit Test
Gamma

AD = 3.744

80 P-Value < 0.005

95
90

70
60_
50 4
404
30

20

Percent

10 1

Corrosion Rate (nm/yr)

Source: Output DTN: SN0705DSGCANAL.001.

Figure 6-15[a]. Minitab Fit of Gamma Probability Model for the Benign Environmental Condition Data
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Figure 6-16[a]. Minitab Fit of Weibull Probability Model for the Benign Environmental Condition Data
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Figure 6-17[a]. Minitab Fit of Exponential Probability Model for the Benign Environmental Condition Data
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Figure 6-18[a]. Comparison of Gamma, Weibull, and Lognormal Probability Models for the Benign
Condition Data
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A gamma probability model (Scheaffer and McClave [DIRS 154197], Section 4.5) was chosen
and fit to the benign condition data to describe the general corrosion rate variability of the drip
shield general corrosion model for the benign environmental condition. The maximum
likelihood estimates for the parameters of this gamma probability model are a shape parameter
(o) of 2.682 and a scale parameter ( £) of 1.920. These are calculated by the Minitab software

package (output DTN: SNO704PADSGCMT.001, Minitab fitting for benign condition data.pdf).
The mean of the gamma probability model is defined as & x S (equal to 5.149), and the variance

is defined as ax 3> (equal to 9.887).

The gamma probability model represents the variability in the drip shield general corrosion rates
for the benign conditions. The variability in the general corrosion rate for the benign condition is
due mainly to the randomness of the corrosion process under the conditions in the exposure
environment. The experimental variability (e.g., variations in sample preparation and cleaning)
also contributes to the variability in the corrosion rate. The variability distribution of the model
for the benign environmental condition is also shown in Figure 6-12[a] for the mean of the
variability model equal to the mean of the uncertain mean distribution.

With a variance (v, ) that is assumed to remain constant, the gamma probability model

parameters are calculated for the new mean (. ,.) that is sampled from the uncertain mean

(normal) distribution (Section 6.1.7.1[a]), as given in Equations 25[a] through 27[a]:

vBC,Var = aXIBZ (Eq 25[3])
* v var

B =— (Eq. 26[a])
luBC,var
v Hpcw

o = ﬂ (Eq. 27[a])

Figure 6-19[a] shows the corrosion rate variability distributions for the 2.5th percentile and
97.5th percentile mean values (3.521 nm/yr and 6.778 nm/yr, respectively) sampled from the
uncertain mean distribution (i.e., normal distribution) for the benign environmental condition.
The variance of the corrosion rate variability distribution (i.e., the gamma probability model)
remains the same, and the variability distribution is shifted along the x-axis according to the
mean value of the variability distribution sampled from the uncertain mean distribution (i.e., the
normal distribution).
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Figure 6-19[a]. Drip Shield General Corrosion Model for Benign Environmental Conditions along with the
ECDF for the Experimental Data Used for the Model Analysis

6.1.8[a] Use of Constant General Corrosion Rates over Repository Time

The titanium drip shield general corrosion model uses a constant (temperature-independent)
corrosion rate based upon multi-year weight-loss measurement. Its implementation in TSPA
uses this corrosion rate for the entire drip shield lifetime (tens of thousands of years). While
perhaps counterintuitive, this is a conservative extrapolation without any detrimental increase in
uncertainty with time for reasons to be discussed here.

The inherent nature of passive film growth kinetics is typically inversely proportional with time,
following a log-linear decrease with time (Jones 1996 [DIRS 169906], Section 4.5.2). As this
passive film increases in thickness, the passive corrosion rate, as measured by passive current
density, also decreases with time (Jones 1996 [DIRS 169906], Figure 4.21). Eventually the
(relatively constant) dissolution processes occurring on the passive film itself will equal the
(decreasing) passive film formation rate, and steady state will be obtained. Decreasing corrosion
rates of titanium in oxidizing environments are supported by both project data results (Figure 27
in the parent report) and literature results (Figure 7-1[a]).

Other than change of environmental conditions, there is no known way for this process to
reverse, i.e., the passive corrosion rate cannot spontaneously increase at some future time. A
rockfall event can and will physically scratch the drip shield, exposing fresh titanium metal that
will immediately form a new oxide layer, returning to the model growth/corrosion rate within a
couple of years at the most. The largest uncertainty lies in the lower limit of what the titanium
passive film corrosion rate might truly be as the current model is extrapolated to long time
frames.
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Appropriate use of the constant rate of general corrosion depends on how representative (or
conservative) the chosen environmental condition(s) are that generated the corrosion model. For
the aggressive condition (Section 6.1.6[a]) selected for potential seepage upon drip shield topside
surfaces, the SCW water at 90°C is nearly the highest temperature possible for the drip shield to
experience seepage and contains significant dissolved fluoride concentration (1,400 mg/L,
discussed in Section 6.3.1[a]). At drip shield temperatures much above 100°C, the drip shield
surface environment will become dry and corrosion much less active (i.e., predominantly dry
oxidation); all vapor specimen exposures are included under benign environment due to their low
corrosion rates. In addition, the time range that might be supportive of conditions more
aggressive than the 90°C SCW is a very narrow window with respect to the extent of the
modeling time frame. At lower temperatures, the passive film dissolution rates will decrease,
and the potential seepage chemistry will become more dilute and less aggressive. Temperatures
over the first 10,000 years will average well below 90°C, and as such the corrosion rates
supplied by this model are conservative at the repository-relevant timeframes.

6.2[a] RELATIVE CORROSION RATE OF TITANIUM GRADE 29

This section is an additional general corrosion analysis that can be considered as a new section
within Section 6.5 of the parent report.

General corrosion rates for Titanium Grade 29 are needed to model the time-dependent
degradation of the drip shield stiffeners and support beams. Structural response calculations
have been carried out to determine the damaged areas on the drip shield due to a seismic event.
These calculations indicate that failure of the Titanium Grade 29 drip shield support structure
after a seismic event is a degradation mechanism that should be included in the TSPA-LA model.
The general corrosion rate of Titanium Grade 29 is required to properly consider this degradation
mechanism for long time periods.

Long-term general corrosion rate data of Titanium Grade 29 under repository exposure
conditions are not available. However, based on the elemental compositions of Titanium
Grade 7 and Grade 29, it is reasonable to expect that the passive film on Titanium Grade 7,
which predominantly consists of TiO,, should be very similar to the passive film on Titanium
Grade 29, which also predominantly consists of TiO,. This is also consistent with findings by
Schutz et al. (2000 [DIRS 177257]), who indicated that the protective passive film on Titanium
Grade 29 is TiO,. The passive behavior of Titanium Grade 29 and Grade 7 is very similar in a
range of brines simulating the repository environments (Andresen and Kim 2006
[DIRS 178239], Figures 46 through 53). Since general corrosion rates of Titanium Grades 7 and
29 are dependent on the nature of the passive film, it is logical to consider that the
physical/chemical mechanisms of corrosion processes are similar, although the absolute rates can
be somewhat different because of the presence of about 6 wt % aluminum in Titanium Grade 29.
In addition, vanadium helps to increase corrosion resistance of Titanium Grade 29, as indicated
by Schutz and Thomas (1987 [DIRS 144302], p. 670) for Titanium Grade 24 (an alloy similar to
Titanium Grade 29).

Based on the above discussion, an appropriate approach to evaluating the corrosion behavior of

Titanium Grade 29 in repository environments is developed in terms of the comparative behavior
of Titanium Grade 29 versus Titanium Grade 7, because the long-term corrosion behavior of the
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latter is better known. The general approach used in this section is to evaluate a distribution for a
general corrosion rate multiplier that represents the ratio of the general corrosion rate of
Titanium Grade 29 to the general corrosion rate of Titanium Grade 7. The general corrosion rate
of Titanium Grade 29 is evaluated as the product of this multiplier and the sampled general
corrosion rate of Titanium Grade 7.

6.2.1]a] Best Available Data

Researchers at the GE GRC tested the general corrosion behavior of Titanium Grade 7 and
Grade 29 by the weight-loss method in environments shown in Table 6-7[a]. These recently
acquired GE GRC data are obtained from relatively short test exposures (1,008 hours), and no
long-term test data are available for general corrosion rates of Titanium Grade 29, as previously
mentioned. Regardless, this is the most direct data available to determine a corrosion rate factor
distribution, where no data exist for an independent model of Titanium Grade 29 general
corrosion rate.

The test solutions were chosen to represent seepage and deliquescent brine environments
expected in the repository. In Table 6-7[a], the test environments TS-3 and TS-4 contain 0.2 and
0.1 molal fluoride, respectively, while TS-1 and TS-2 contain no fluoride. The tests TS-1 and
TS-4 were conducted at 150°C, and TS-2 and TS-3 were conducted at 120°C. Two different
surface treatments were applied before testing: (1) a freshly polished surface and (2) a
pre-oxidized surface at 400°C for 24 hours in air to represent the passive film that forms during
the hot dry period of the repository thermal cycle. Three specimens were tested in each test
condition. Only data for pre-oxidized specimens were selected for construction of the general
corrosion rate ratio distribution. The samples with pre-filmed surfaces are expected to be more
relevant to the condition of Titanium Grade 29 components in the repository, due to the extended
period of dry oxidation that occurs during the pre-closure and thermal (high temperature and
therefore dry) periods of repository operation. Therefore, the results obtained from the titanium
specimens with pre-filmed surfaces are more representative of the surface condition of the drip
shield exposed following the initial hot dry period.

Table 6-7[a]. Chemical Composition of the Test Solutions (Molal)

Temp.

ID (e"C;D pH CaCl; KCI KNO; NaNO; NaCl Na;SO4 NaF NaBr
TS-1 150 4.9 3.6 5.8 1.8 2 0 0 0 0
TS-2 120 7.3 0 7 0 1.8 1.2 2.4 0 0
TS-3 120 9.0 0 7.2 0.3 3.3 0 21 0.2 0
TS-4 150 9.7 0 5 2.8 6.6 0 6.8 0.1 0.1

Source:  Andresen and Kim 2006 [DIRS 178239], Table 11.

General corrosion rates for Titanium Grade7 and Grade 29 obtained by weight-loss
measurements at GE GRC (DTN: MO0705SCCIGM06.000 [DIRS 180869], Table 13 and
associated spreadsheet) are shown as inputs in Table 4-2[a].
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6.2.2[a] Analysis of Relative Corrosion Rate

Three approaches can be adopted to evaluate the comparative corrosion behavior of Titanium
Grade 7 and Grade 29.

Approach 1 starts out by determining each of the 144 possible general corrosion rate ratios
(12 Titanium Grade 29 general corrosion rates divided by each of the 12 Titanium
Grade 7 general corrosion rates) and assigning each possible ratio a weight of 1/144.

Approach 2 groups the corrosion rate data obtained under the same test conditions as one
single data point (the average of three corrosion rates) and then determines the
16 possible general corrosion rate ratios (four Titanium Grade 29 general corrosion rates
divided by each of the four Titanium Grade 7 general corrosion rates) and assigning
each possible general corrosion rate ratio a weight of 1/16.

Approach 3 takes all nine possible general corrosion rate ratios for each test environment
and then determines 36 possible general corrosion rate ratios (nine per environment
times four environments), assigning each possible ratio a weight of 1/36.

In all approaches, all general corrosion rate ratios less than one are conservatively assigned a
general corrosion rate ratio equal to one. This is conservative because, using this approach, the
general corrosion rate of Titanium Grade 29 will always be equal to or greater than the general
corrosion rate of Titanium Grade 7.

The CDFs established for each approach are shown in Figure 6-20[a]. From Figure 6-20[a], it
can be seen that the most conservative approach is Approach 3, in which all nine possible ratios
for each test environment are taken, resulting in 36 possible general corrosion rate ratios (nine
per environment times four environments), each with a weight of 1/36. Approach 3 is
schematically shown in Figure 6-21[a]. Although Approach 3 considers general corrosion rate
ratios obtained in the different test environments separately, the ratios are finally combined to
build a single CDF.

For TSPA implementation, this CDF is to be sampled independently as a probability distribution

function (PDF), and its resulting ratio multiplied by the aggressive condition general corrosion
rate being used in that particular TSPA realization.
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Figure 6-20[a]. Comparison of CDFs for Approaches 1, 2, and 3
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Figure 6-21[a]. Schematic lllustration of Approach 3 to Titanium Grade 29/Titanium Grade 7 Corrosion
Rate Ratio Calculation
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Table 6-8[a] summarizes the probability density function of the Titanium Grade 29/Titanium
Grade 7 corrosion rate ratios. As can be seen in Table 6-8[a], half (18 out of 36 general
corrosion rate ratios) were found to be less than or equal to one. As several of the general
corrosion rates for both materials were not unique (e.g., the Titanium Grade 7 general corrosion
rate measurements in rows 2 and 3 of Table 4-2[a]), not all of the 36 possible ratios are
numerically unique. There were nine unique general corrosion rate ratios (not counting the
general corrosion rate ratios that were less than or equal to one), as shown in Table 6-8[a].
Table 6-8[a] also presents the frequency of the different ratios (column 1, “Number per Ratio”),
the discrete probability of each general corrosion rate ratio (the number per ratio divided by the
total number of ratios (36)), and the value of the general corrosion rate ratio being considered.

Table 6-8[a]. Summary of the Probability Distribution Function of Corrosion Rate Ratios

General
Number per Discrete Cumulative Corrosion
Ratio Probability Probability Rate Ratio
18 0.50000 0.50000 1.0000
4 0.11111 0.61111 1.1131
2 0.055556 0.66667 1.2522
1 0.027778 0.69444 1.3914
2 0.055556 0.75000 1.6697
4 0.11111 0.86111 2.0871
3 0.083333 0.94444 3.3393
1 0.027778 0.97222 41741
1 0.027778 1.0000 6.6786

Source: Output DTN: SNO704PADSGCMT.002 (except Cumulative
Probability column, which is a hand calculation).

6.2.3[a] Information Supporting this Corrosion Rate Ratio

A previous estimate of the relative corrosion rate of Titanium Grade 24 (BSC 2004
[DIRS 169982], Section 6.5.2) indicated that the corrosion rate of Titanium Grade 24 (an analog
of Titanium Grade 29 except that the former uses palladium instead of ruthenium) in
less-aggressive repository environments would be five times higher than that of Titanium
Grade 7. The five-fold increase in corrosion rate for Titanium Grade 24 (or Titanium Grade 29)
over that of Titanium Grade 7 is overestimated. Thus, the treatment described above is more
appropriate than using a multiplier of 5.

To evaluate the corrosion rate ratio distribution, available experimental data from the open
literature was examined. Schutz (2003 [DIRS 168772], Figure 7) reported the corrosion rates of
Titanium Grade 2 (titanium with no palladium or ruthenium) and Grade 5 (Ti-6Al-4V with no
palladium or ruthenium) in boiling hydrochloric acid (HCI) solutions, a very aggressive test
medium for titanium alloys. These corrosion rates are shown in Figure 6-22[a], along with those
of Titanium Grades 7, 16, 24, 28, and 29. Figure 6-22[a] contains a compilation of corrosion rate
data obtained for a range of relevant titanium alloys in boiling HCI. The addition of
0.04 to 0.08 wt % of palladium or 0.08 to 0.14 wt % ruthenium to Titanium Grades 2 and 5 (to
produce Titanium Grades 16 and 29) significantly improves the corrosion resistance of the alloy,
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as demonstrated in Figure 6-22[a]. From Figure 6-22[a], it can be seen that the corrosion rate of
Titanium Grade 29 is about five times higher than that of Titanium Grade 7 in 3% boiling HCI
with pH approaching zero. The ratio of the corrosion rate of Titanium Grade 29 over Titanium
Grade 7, however, becomes progressively smaller as the pH increases, while the corrosion rate of
Titanium Grade 29 becomes progressively smaller as the pH increases as well.
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Source: Re-plotted from Schutz (2003 [DIRS 168772], Figure 7 and Table 1) and Table 1-1.

NOTE: Figure shows significant improvement in corrosion resistance due to the addition of palladium and
ruthenium.

Figure 6-22[a]. Corrosion Rates of Relevant Titanium Alloys in Boiling HCI

As indicated in Section 6.2.2[a], for each realization of the TSPA-LA model, one general
corrosion rate ratio is sampled from the distribution for the general corrosion rate ratio, and one
general corrosion rate is sampled from the distribution for the Titanium Grade 7 general
corrosion rate for the relatively aggressive environmental condition. The corrosion rate of the
Titanium Grade 29 components will be conservative when using the Titanium Grade 7 rates for
the Aggressive Condition environment, independent of whether or not they are dripped on or are
located on the topside or underside of the drip shield Titanium Grade 7 plates. Only one general
corrosion rate ratio is used per realization. Variation in the general corrosion rate ratio is due to
uncertainty. The general corrosion rate for Titanium Grade 29 is used only in the TSPA-LA
seismic modeling cases.

6.3[a] CORRECTIONS AND AMMENDMENTS
6.3.1]a] CR 7786 — Correction to Table 7

The corrected version of Table 7 (Section 6.2 of the parent report) is given here as Table 6-9[a].
Note that Table 7 had two numerical errors and the concentration units were mislabeled as
mg/L™"; in Table 6-9[a], they are now corrected to be mg/L.
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Table 6-9[a]. Composition of Standard Test Media Based on J-13 Well Water

Sbw scw SAW SSW BSW-12°

lon (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
K'" 34 3,400 3,400 142,000 67,100
Na'* 409 40,900 37,690 487,000 ° 105,700
Mg?* 1 <1 1,000 0 0
Ca** 0.5 <1 1,000 0 0
F'- 14 1,400 0 0 1,331
cI' 67 6,700 24,250 128,000 131,300
NO3'~ 64 6,400 23,000 1,313,000 139,500°
S04+ 167 16,700 38,600 0 13,920
HCO;"™ 947 70,000 0 0 0
Si 27 (60°C) 27 (60°C) 27 (60°C) 0 0

49 (90°C) 49 (90°C) 49 (90°C)

pH° 9.8t010.2 9.8t010.2 27 55t07 12

@ Values are rounded off to about three significant figures from source; these are only target compositions.
® This value was incorrectly given in Table 7.
¢ pH measured for actual solutions at room temperature.

Source: DTN: LL040803112251.117 [DIRS 171362], file: LL040803112251.117 Table 1.pdf and
LL040803112251.117 Table 3.pdf.

NOTES: SDW = simulated dilute water; SCW = simulated concentrated water; SAW = simulated acidified water;
SSW = simulated saturated water; BSW-12 = basic saturated water (with a target pH of 12).

None of the corrections to Table 7 has any impact on the conclusions or general discussion of
Section 6.2 of the parent report.

6.3.2[a] Update to Environmental Dependence of General Corrosion

It is now observed, acknowledged, and modeled that the general corrosion rate of titanium does
depend on environmental conditions. The Titanium Grade 7 general corrosion model in this
addendum implements two distinct environmental conditions (Section 6.1[a]). This contradicts
statements in Sections 6.3.2 and 6.7.4 of the parent report, which state that no difference in
corrosion rates was observed due to different environments.

The detailed analysis performed in this addendum upon the Titanium Grade 7 long-term
weight-loss results after a 2.5-year exposure supports environmental corrosion rate dependence.
This is reaffirmed in the model validation that uses Titanium Grade 16 results after a five-year
exposure (Section 7.2.2[a]). The previous conclusions were accurate, being based upon the
Titanium Grade 16 results after a one-year exposure (Section 6.5.3.1), which did not display any
significant environmental dependence.

6.4[a] ADDITIONAL RELEVANT INFORMATION

Additional published literature now lends further support to dismiss the potential for microbially
influenced corrosion (Section 6.7.2). This support comes from the observations of de Romero
et al. (2003 [DIRS 181011]) on the performance of Titanium Grade 2 (an essentially pure
titanium) in chlorinated, brackish water. They found that, based upon scanning electron
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microscopic examination after 12-month sample exposure periods, “no corrosive attack was
detected” because “this material offers an outstanding resistance to a wide variety of
environment” (de Romero et al. 2003 [DIRS 181011], p. 918). The titanium alloys selected as
barrier material components are generally accepted to be of higher corrosion resistance than
Titanium Grade 2, and this should apply to their resistance to microbially influenced corrosion as
well.
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7[a]. VALIDATION

This addendum applies a Level II validation to the drip shield general corrosion model and
conforms to the corresponding validation requirements in SCI-PRO-002, Planning for Science
Activities, and SCI-PRO-006. An adequate level of confidence in the revised drip shield general
corrosion model will be obtained by building confidence in the methods used to develop the
model and validating the model output values.

7.1[a] CONFIDENCE BUILDING DURING MODEL DEVELOPMENT TO
ESTABLISH SCIENTIFIC BASIS AND ACCURACY FOR INTENDED USE

Development of the drip shield general corrosion model is documented in accordance with the
requirements of Attachment 3 of SCI-PRO-002. The development of the drip shield degradation
models was conducted with the following confidence building actions:

1) The inputs to the drip shield degradation models have all been obtained from
controlled sources (Table 4-1[a]), including discussion about selection of input and
design parameters.

2) Detailed discussion about model concepts (assumptions and simplifications) can be
found throughout Section 6[a].

3) The general corrosion model is bound by the principle of conservation of mass.

4) Both epistemic (mean general corrosion rate uncertainty) and aleatoric (observed
general corrosion rate variability) model uncertainties are available for use
(Section 6.1[a]).

5) All possible in-drift environmental conditions are applicable to this model.

6) Model predictions of general corrosion are designed to span their observed range,
consistent with there being two environmental condition types.

7.2[a] GENERAL CORROSION MODEL

The drip shield general corrosion model in this addendum is validated consistent with the current
procedure (SCI-PRO-006), and the implementing TWP (SNL 2007 [DIRS 180958], Section 2.3).

To determine that the required level of confidence (Level II) in the general corrosion model for
the drip shield material has been obtained, direct comparisons to other observed titanium
corrosion rates are made. Corroboration is accomplished by comparing corrosion rates predicted
by the general corrosion models of the drip shield to other observed rates measured under
repository-relevant conditions, and determining whether the model results are reasonable and
consistent.

The validation activities are (1) a corroboration of model results with data available in published
literature (Section 7.2.1[a]) and (2) corroboration with project data acquired from the laboratory
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(Section 7.2.2[a]) that were not used to develop or calibrate the model (per SCI-PRO-006,
Section 6.3.2). These two activities fulfill the requirements of a Level II validation.

For the first of these validation activities, the general corrosion rates for Titanium Grade 7
exposed for 2.5 years (used for the base-case drip shield general corrosion model) are compared
to literature data for the corrosion rates of relevant titanium alloys, with qualitative acceptance
criteria due to the experimental differences inherent in such comparisons. The acceptance
criteria is stated in the TWP (SNL 2007 [DIRS 180958], Section 2.3) as being designed to
“ensure that the comparisons balance between being generally supportive of the range predicted
by the titanium general corrosion rate model, or, if the range is much greater than that predicted
by the model, assuring that there exists one or more scientific reasons for that difference.”

For the second validation activity, additional project laboratory data (data for Titanium Grade 16
exposed for five years), which were not used to develop the base-case drip shield general
corrosion model, are compared to the data for Titanium Grade 7 exposed for 2.5 years and its
resulting models for benign and aggressive conditions. The validation criteria for this activity
are quantitative, and rates should be reasonably similar (within a factor of approximately 2 to 3).

7.2.1]a] Corroboration with Published Literature

To summarize the general corrosion rate model for Titanium Grade 7, the 95 percentile
uncertainty range of the mean corrosion rate in benign conditions is bound at approximately 3.5
and 6.8 nm/yr (DTN: SNO704PADSGCMT.001, file: DS GC Model Analysis benign
condition.xls). Under more aggressive repository conditions containing significant fluoride, the
95 percentile uncertainty range of the mean is bound at approximately 43 and 49 nm/yr
(DTN: SNO704PADSGCMT.001, file: DS GC Model Analysis_aggressive condition.xls).

Smailos and Koster (1987 [DIRS 159774]) performed weight-loss experiments lasting almost 3.5
years on a titanium alloy (“Ti 99.8-Pd”) containing 0.18 wt % palladium, within the range
required for Titanium Grade 7 (see Table 1-1[a]). These exposures were performed at 90°C,
170°C, and 200°C in “Q-brine” (NaCl 1.4%; KCl 4.7%; MgCl, 26.8%; MgSO4 1.4%; H,O
65.7%; pH = 4.9 at 25°C), and the results showed little or no observable temperature
dependence. All the resulting corrosion rates were found to decrease with time and were less
than 100 nm/yr by the end of the test period. Figure 7-1[a] shows the plot of corrosion rate as a
function of time for these experiments. Note that each data point is an average value of three to
six comparative specimens, with range bars indicating the standard variation of the measured
rates. This data set is an excellent demonstration of the decrease in general corrosion rates with
time observed for passive materials such as titanium.
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Figure 7-1[a]. General Corrosion Rates of “Ti 99.8-Pd” (Titanium Grade 7) in Q-brine at Three
Temperatures, Shown as a Function of Time

The results from Smailos and Koster (1987 [DIRS 159774]) are an excellent comparative source.
While the temperature range is at and above that used for the titanium general corrosion model,
very little temperature dependence is found. The immersion solution, “Q-brine,” is distinct from
the test solutions used to generate the general corrosion model, yet, given its high chloride
content, it seems most comparable to the model of aggressive environmental condition.
Examination of the results from Smailos and Kdoster (1987 [DIRS 159774]), observed at around
2.5 years (just over 900 days), shows that the rates range from approximately 100 nm/yr down to
perhaps 20 nm/yr. These rates encompass the model-predicted aggressive condition range that
spans roughly from 40 nm/yr to 55 nm/yr (Figure 6-9[a]), exceeding the validation criteria
standards of qualitative agreement, as they appear to fully cover the model range and remain
within a factor of 2 to 3.

At the higher temperature of 250°C, Molecke et al. (1982 [DIRS 161678]) found a corrosion rate
for Titanium Grade 12 of about 400 nm/yr in aerated brine. This particular corrosion rate was
not measured under a repository-relevant condition; the temperature is too high for a repository-
relevant open system to sustain the test condition’s aqueous brine. Therefore, though this
measured value exceeds the expected corrosion rate in aggressive environmental conditions by
approximately a factor of 8, it is not applicable to use as a validation activity because its
environmental condition is not relevant to Yucca Mountain emplacement drift conditions.

Finally, there was a 20-year atmospheric exposure test performed on a suite of titanium alloys
that was initiated by ASTM in 1957. The results were reported by Covington and Schutz (1981
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[DIRS 151102]), and their report contains two items relevant to drip shield performance. First,
their general conclusion was that “no evidence of corrosion of any significance was found”
(Covington and Schutz 1981[DIRS 151102], Abstract). Second, the closest Project-related
titanium alloy they had measured corrosion rates for (by the weight-loss method) was essentially
Titanium Grade 5 or Grade 23 (designated Ti-6Al-4V in their paper), which is Titanium
Grade 29 without the corrosion resistant ruthenium addition (Table 1-1[a]); they report a
corrosion penetration rate of up to 0.0010 MPY (milli-inches per year, Covington and Schutz
1981[DIRS 151102], p. 113/4), which is equal to about 25 nm/yr. Their environments ranged
from being near the ocean, to an industrial area, to a rural area, and therefore correspond best to
the general corrosion model in benign conditions. For this less corrosion-resistant titanium alloy
to have such a low long-term general corrosion rate appears to be strong qualitative support for
both the drip shield general corrosion model as well as for the relative rate ratio used for
Titanium Grade 29 general corrosion (Table 6-8[a]).

In summary, two of the three literature sources presented here provide excellent qualitative
confirmation of the drip shield general corrosion model developed in this addendum
(Section 6.1[a]). The third source, while it provided a higher corrosion rate conclusion, was
inconclusive with respect to this validation activity, because it was not data from a comparable
environmental condition.

7.2.2]a] Corroboration with Five-Year Project Data

For this validation activity, the five-year Titanium Grade 16 weight-loss-determined corrosion
rates are compared with the rates from the general corrosion model from Section 6.1[a]. The
five-year model data is treated in the same manner as was the 2.5-year model data (see
Sections 6.1.3[a] and 6.1.5[a]) as presented in Table 7-1[a].

Table 7-1[a].  Five-Year Titanium Grade 16 General Corrosion Rates from Weight-Loss Geometry
Coupons Used to Validate the Drip Shield General Corrosion Model

Aggressive Condition Intermediate Condition | Benign Condition
(SCW aqueous at 90°C) | (SCW aqueous at 60°C)? | (Remainder Data)
(nmlyr) (nml/yr) (nml/yr)

14.33 7.13 1.41

18.68 7.15 1.44

18.75 8.60 2.84

18.83 12.58 2.87

24.31 12.64 2.94

57.88 15.54 4.20

4.48

5.98

7.15

10.00

10.02

10.13

10.16

Source: DTN: LL030205912251.016 [DIRS 161755], file:
Ti-16 Corrosion Rate - TDMS.xIs.

NOTE: ¢ Intermediate condition is shown for consistency with Table 6-4[a]
but is not utilized as part of any validation. SCW = simulated
concentrated water.
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The model-to-data comparison is based upon the model-predicted corrosion rate variability and
the discrete distribution of the additional project data, or validation data. These data were
selected for comparison because the model-predicted corrosion rate variability and the project
data should exhibit comparable distributions, since both are representations of their underlying
processes. This comparison also allows for the consideration of the entire data set rather than a
single-point indicator, such as the mean corrosion result, which is also compared here.

Figure 7-2[a] shows the comparison of the aggressive condition general corrosion model
variability for the mean value of the uncertain mean distribution (as presented in Figure 6-9[a])
to the ECDF of the related five-year data from Table 7-1[a]. The aggressive condition
comparison seems indicative of the continued decrease in the measured general corrosion rate of
palladium-alloyed titanium, where most of the validation data lies at a factor of 2 to 3 lower than
the model variability predictions. The mean values are about 25 nm/yr from the five-year data
and 46 nm/yr from the model, a relative difference of less than a factor of 2. In conclusion, the
drip shield general corrosion model for aggressive conditions meets the validation criteria, and
the data show the model predictions are conservative with respect to long-term performance
prediction.

1.0 \ \
| |
| |
| |
: : /
0.8 4 5-Year Aggressive | ‘ T
> Condition Data | !
b= ECDF | | Aggressive Model
o 1 | '« Variability Results
m | |
2 0.6 ‘ ‘
o l 1
o l l
Q | |
2 | |
whd | |
o 04 ‘ ‘
: | |
£ | |
8 | |
| |
0.2 : :
| |
| |
| |
l l
0.0 . l . . . .
0 10 20 30 40 50 60 70

Corrosion Rate (nm/year)
Source:  Output DTN: SNO705DSGCMVAL.001, file: Ti_GC_validation.xls, tab: “Agg. Compare.”

Figure 7-2[a]. Comparison of Aggressive Environment Drip Shield General Corrosion Model to
Five-Year Titanium Grade 16 Project Data
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Source:  Output DTN: SNO705DSGCMVAL.001, file: Ti_GC_validation.xls, tab: “Ben. Compare.”

Figure 7-3[a]. Comparison of Benign Environment Drip Shield General Corrosion Model to Five-Year
Titanium Grade 16 Project Data

Figure 7-3[a] shows the comparison of the benign condition general corrosion model (a gamma
distribution for general corrosion rate variability) for the mean value of the uncertain mean
distributions (Figure 6-12[a]) to the ECDF of the related five-year data from Table 7-1[a]. The
agreement seen in Figure 7-3[a] between the benign condition general corrosion model and the
ECDF of the five-year Titanium Grade 16 data is excellent. The mean corrosion rates are about
5 nm/yr for the model and 6 nm/yr for the five-year validation data. This easily meets the
validation criteria for quantitative agreement to within a factor of 2 to 3.
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8[a]. CONCLUSIONS

The drip shield general corrosion model, based on and used for Titanium Grade 7, has been
updated by this addendum for use in TSPA (output DTN: SNO704PADSGCMT.001). In
addition, an analysis has been provided to sample the Titanium Grade 29 corrosion rate relative
to that general corrosion model (output DTN: SNO704PADSGCMT.002). Also, two condition
reports have been addressed (CR 7786 in Section 6.3.1[a] and CR 10618 in Section 1[a]).

8.1]a] PRODUCT OUTPUT IMPLEMENTATION IN TSPA

Table 8-1[a] lists the parameters implemented by TSPA, their value or definition, and the
product output DTN in which they are found.

Table 8-1[a]. TSPA Parameter Information and Specification

Parameter Definition / Parameter Parameter Value and Parameter
Parameter Name Description Type Uncertainty / Variability Source
WDDSAggrGC_Mean_a Mean of general corrosion PDF Student’s t-distribution 1
rate variability distribution for Mean: 46.1 nm/yr
the topside surface of drip SD: 1.19 nm/yr
shield that is dripped on Uncertainty
Degrees of freedom: 5
WDDSBenignGC_Mean_a | Mean of the gamma PDF Normal distribution 1
distribution for general Mean: 5.15 nm/yr
corrosion rate variability for SD: 0.831 nm/yr
the underside surface of all Uncertainty
drip shields and for the
topside surface of a drip
shield that is not dripped on
WDDSGC_29_a General corrosion rate ratio PDF of The general corrosion rate 2
for drip shield support CRriGrade29 of Titanium Grade 29 is the
material (Titanium Grade 29) | to value of Titanium Grade 7
CRricrade? multiplied by sampled value
from the rate ratio CDF.
Uncertainty
Sources: 1. Output DTN: SN0O704PADSGCMT.001.

2. Output DTN: SNO704PADSGCMT.002.

NOTES:

SD = standard deviation; CR = corrosion rate.
Numeric values rounded to three significant figures.

PDF = probability density function; CDF = cumulative distributive function; GC = general corrosion;

The TSPA model does not currently implement spatial variation between drip shields or between
patches on individual drip shields. As discussed at the end of Section 6.1.5[a], the general
corrosion rate output is used primarily with the structural response that is based upon discrete set
of drip shield thicknesses (e.g., 15, 10 and 5 mm cases) in Seismic Consequence Abstraction
(SNL 2007 [DIRS 176828], Section 6.10). Therefore, variability in the corrosion rate is not
included in the TSPA implementation. Two uncertain mean corrosion rates, one for benign and
one for aggressive conditions, are sampled independently (no correlation) per realization and are
used for the general corrosion calculations for the drip shield plate material (Titanium Grade 7).
For this purpose TSPA uses only the parameters WDDSAgerGC Mean a and
WDDSBenignGC Mean a from Table 8-1[a] for the Titanium Grade 7 (drip shield plates)
corrosion rates.
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In addition, the drip shield corrosion rate for aggressive conditions is used on the topside of all
drip shields, whether or not they encounter seepage conditions. The implementation of two
different corrosion rates for the topside of drip shields depending on whether or not they are
seeped on would impose a significant complexity. The use of the aggressive rate for drip shields
that are not seeped on has negligible impact on the drip shield degradation calculations.

To determine the general corrosion rate of the Titanium Grade 29 drip shield structural supports,
the probability density function (parameter WDDSGC 29 a) should be independently sampled,
and the resulting ratio multiplied by the aggressive condition general corrosion rate (parameter
WDDSAggrGC Mean_a) being used in that same realization.

The two output DTNs (SN0704PADSGCMT.001 and SNO704PADSGCMT.002) that provide
direct input to TSPA were revised as a result of the review and comment resolution process of
this addendum, and the revisions did not change the TSPA input.

8.2[a] YUCCA MOUNTAIN REVIEW PLAN ACCEPTANCE CRITERIA

Appropriate acceptance criteria from Yucca Mountain Review Plan, Final Report (NRC 2003
[DIRS 163274], Section 2.2.1) are discussed in Section 8.6 of the parent report. These are valid
and need not be revised or re-evaluated except for the following reference citation changes for
the technical content updates in this addendum.

e Section 4.1[a] of the addendum replaces Section 4.1 referenced in the parent report for
the Acceptance Criteria discussion of the direct input of the general corrosion rate data
for the drip shield materials (Titanium Grade 7 and Grade 29).

e Section 6.1[a] (and relevant subsections) of the addendum replaces Section 6.5 (and
relevant subsections) referenced in the parent report for the Acceptance Criteria
discussion of the general corrosion model and associated uncertainties of the drip shield
plate material (Titanium Grade 7). In particular, enhanced contributions to meeting the
Acceptance Criteria are noted for the following issues: 1) quality of input data
(Section 6.1.1]a]), 2) conceptual model and approach for the general corrosion modeling
(Section 6.1.2[a]), 3) characterization and quantification of the uncertainty in the input
data (Sections 6.1.3[a], 6.1.4[a], and 6.1.5[a]), and 4) propagation of the input data
uncertainty and conceptual model uncertainty through the general corrosion model
abstraction (Sections 6.1.6[a] and 6.1.7[a]).

e Section 6.2[a] (and relevant subsections) of the addendum replaces Section 6.5 (and
relevant subsections) referenced in the parent report for the Acceptance Criteria
discussion of the general corrosion model and associated uncertainties of the drip shield
structural support material (Titanium Grade 29).
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data upon which the cumulative distribution functions are based. This includes the effect of
uncertainties involved with CaCl, and fluoride. However, this uncertainty is small. This was
discussed in the modeling analysis in Section 6.5.4.2. In particular it was demonstrated that even
under extremely aggressive chemical exposure conditions (brines containing 35,000 mg/L of
Mg®" at 250°C) relatively low rates (~ 400 nm/yr) were obtained for Ti Grade 7 (Molecke et al.
1982 [DIRS 161678]) and these rates were attributed to the high temperature and shorter
exposure period (i.e., higher than the rates based on the long-term parabolic or logarithmic
kinetics). Because these measured rates are near the upper bound levels of the cumulative
distribution functions, the uncertainties in the corrosion rates due to unanticipated but possible
aggressive chemical exposure conditions are included within the cumulative distribution function
distributions.

6.5.5 Composite Model for the General Corrosion Rates for Drip Shield

A simple and defensible representation of the observed general corrosion rates is recommended.
The primary difference between the exposure environments on the inner and the outer surfaces of
the drip shield is that the drip shield outer surface may be exposed to a more complicated
chemistry and geometry because dust or mineral films (from evaporation of dripping water), or
both, may form crevices on the drip shield outer surfaces. In contrast, the inner surfaces of the
drip shield will not be exposed to dripping water or significant dust film formation. Therefore,
the general corrosion of the inner surface and the outer surface of the drip shield are modeled by
using different sets of corrosion data. This approach is schematically illustrated in Figure 3.
General corrosion of the inner surface of the drip shield is represented by a cumulative
distribution function generated from the LTCTF weight-loss samples only (Figure 10). The
negative weight-loss general corrosion rates were conservatively removed from the distribution.
The numerical values for this distribution are shown in Table 16 and the cumulative distribution
function is plotted in Figure 12. The general corrosion rates of the outer surface of the drip shield
are represented by a cumulative distribution function generated from combining both the LTCTF
weight-loss samples (Figure 10) and the crevice samples (Figure 11). The negative weight-loss
general corrosion rates were conservatively removed from the distribution. The numerical
values for this distribution are shown in Table 17 and the cumulative distribution function is
plotted in Figure 13. Although DTN: LL990610605924.079 [DIRS 104994], S99359 035
(crevice) and S99359 036 (weight loss) files contain 6-month and 1-year data, Table 17 presents
only the 1-year data (approximately 8,760 hours). DTN: LL990610605924.079 [DIRS 104994]
S99359 035 contains only crevice data, even though its “SCENARIO” column does not indicate
the 1-year data as such. This is evident as S99359 035 is entitled, “Corrosion Rate and Chloride
Abundance data of crevice from datafile: pmr99gcltigrli6cerev, of Titanium Grade 16,
02/15/1999 to 05/26/1999.”
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Table 17. Cumulative Distribution Function for General Corrosion Rates of Ti Grade 16: LTCTF 1-Year

Weight-Loss and Crevice Samples (No Negative Rates)

Sample Rate Cumulative D_istribution
(mmlyr) Function
1 0.00000000E+00 0.00000000E+00
2 4.18430800E-06 1.42857143E-01
3 7.90540100E-06 1.78571429E-01
4 7.90899600E-06 2.14285714E-01
5 7.91733600E-06 2.50000000E-01
6 7.99205500E-06 2.85714286E-01
7 1.59679640E-05 3.21428571E-01
8 1.60740360E-05 3.57142857E-01
9 1.65389750E-05 3.92857143E-01
10 2.10450870E-05 4.28571429E-01
11 2.35658240E-05 4.64285714E-01
12 2.37302160E-05 5.00000000E-01
13 2.40329080E-05 5.35714286E-01
14 2.52784890E-05 5.71428571E-01
15 3.99976910E-05 6.07142857E-01
16 4.26207080E-05 6.42857143E-01
17 4.28647310E-05 6.78571429E-01
18 5.15303020E-05 7.14285714E-01
19 6.33683700E-05 7.50000000E-01
20 6.49668830E-05 7.85714286E-01
21 7.14961090E-05 8.21428571E-01
22 7.91641200E-05 8.57142857E-01
23 8.22028960E-05 8.92857143E-01
24 1.11563286E-04 9.28571429E-01
25 1.12788228E-04 9.64285714E-01
26 3.19409704E-04 1.00000000E+00

Source: DTN: LL990610605924.079 [DIRS 104994] S99359_035
and S99359 036. Data in S99359_035 are for crevice
specimens only and data in S99359 036 are for weight loss
specimens only.

Output DTN: MO0408MWDGLCDS.002.

6.5.6 Alternative Conceptual Models for the Representation of Drip Shield General
Corrosion Rates

The composite general corrosion model uses cumulative distribution functions to select values
for the general corrosion rate. The cumulative distribution functions were obtained from the
titanium corrosion testing at the LTCTF. The testing performed to support this model involved
exposure of titanium alloy coupons for up to five years. The distribution of these rates is then
considered in the model to be maintained over the regulatory period. In this way, the general
corrosion model is based on the conservative assumption (Assumptions 5.3 and 5.4) that the
corrosion rates will not decrease with time.
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